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(ABSTRACT) 

This thesis proposes a multistage RAKE receiver for use at the base station of a Code Division 

Multiple Access (CDMA) cellular communications system. This receiver combines the 

interference rejection capability of multiuser receivers with the robust performance of a RAKE 

receiver in the presence of multipath interference. Unlike previous multiuser receiver designs, this 

multistage RAKE receiver requires no a priori information about the time-vary multipath radio 

channel. 

The thesis presents a mathematical description of the multistage receiver, and a software 

simulation of the receiver performance. A wide range of channel models are considered which 

include the effects of Gaussian noise, multipath propagation, imperfect power control and 

multiple access interference for the reverse link CDMA channel. Under a wide range of 

conditions, the multistage RAKE receiver is able to support two to three times as many users as a 

conventional single stage RAKE receiver. The receiver is also shown to be robust to the near-far 

problem.
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1. Introduction 

In this decade we will experience a revolution in telecommunications, which might be 

more significant than the PC revolution of the past decade [Pic91]. With this increased 

need to communicate, and with only limited available frequency spectrum, it is important 

to use the spectrum more efficiently. As products that allow mobile wireless access of the 

worldwide public telecommunications network in a natural convenient manner, cellular 

telephones enjoy widespread public acceptance [Goo91]. Since its introduction in 1982 

the market penetration of cellular telephony is increasing rapidly, and it is expected that 

this trend will continue with the implementation of the Personal Communication Systems 

(PCS). 

Today’s cellular systems employ narrowband analog modulation for voice transmissions. 

The North American Digital Cellular standard operates in a dual mode which incorporates 

first generation standard Advanced Mobile Phone System (AMPS) and a digital voice 

transmission capability added to the new subscriber equipment. In the AMPS standard the 

transmission employs analog frequency modulation over radio bands with bandwidth of 

30 kHz. The digital mode of the dual mode system, is based on a Time Division Multiple 

Access (TDMA) technique which is described in the Electronic Industry Association 

Interim Standard 54 (IS-54). In the IS-54 standard, the carrier spacing is 30 kHz as in the 

AMPS system, but there are three narrowband channels per carrier allocated in different 

time slots [Goo91]. The European Groupe Special Mobile (GSM) digital cellular standard 

is also based on TDMA technology. 

One primary motivation for the new digital transmission standards is the capacity 

limitation of analog technology. Techniques such as cell-splitting and cell size reduction 

have been used to increase capacity [Lee91], but these provide only temporary relief. In a 

mobile network cell sizes can only be reduced so far before overwhelming the system’s 

switching capability with handoffs between cells. Therefore fully digital systems have 

been explored as a means of increasing capacity. 

1.1 CDMA in Cellular and Personal Communication Systems 

An alternative digital multiple access technology is Code Division Multiple Access 
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(CDMA), based on spread spectrum techniques. Spread spectrum allows efficient use of 

frequency spectrum by allowing many users to use the same frequency bands as other 

existing users [Pic91]. Spread spectrum techniques have been used extensively in the past, 

primarily by the military, as a means of secure communications in hostile environments. 

In such environments, spread spectrum signals are useful in combating potential jamming 

of the signals and conveying the information with a low probability of detection [Zie85]. 

Other traditional applications of spread spectrum techniques also include ranging and 

tracking...” 

\" Recently there have been proposals for cellular communication systems employing 

CDMA [Qual92, Sch92]. In a single cell environment, CDMA has lower capacity than 

orthogonal multiplexing techniques such as TDMA and Frequency Division Multiple 

Access (FDMA). For example, CDMA ranked low in capacity performance in satellite 

systems compared to the other two rival multiple access techniques of TDMA and FOMA 

when the results were published in 1985 [Vit85]. However, in a cellular environment 

CDMA offers substantial capacity advantages because a single frequency may be used in 

every cell, contrary to TDMA and FDMA which require elaborate frequency reuse plans. 

; CDMA exhibits great advantage over TDMA and FDMA in terrestrial digital cellular 

systems, because here isolation among cells is provided by path loss, which in urban UHF 

propagation typically increases with the fourth power of distance” Consequently, while 

conventional techniques must provide for different frequency allocation for contiguous 

cells, CDMA can reuse the same spectrum for all cells, thereby increasing the capacity by 

a large percentage of the normal reuse factor. According to some studies capacity 

improvement is as much as twenty times that of the current FDMA system [Gil91]. 

Recently, QUALCOMM proposed a standard (IS-95) for the new digital cellular system 

based on Direct Sequence Spread Spectrum (DSSS) technology [Qual92]. This standard 

claims a four to six-fold capacity improvement over digital TDMA and a twenty-fold 

increase over the current analog standard (AMPS) [Qual92]. 

Besides the capacity improvement, a CDMA system employing a spread spectrum 

technique is resistant to the multipath effects which dominate the mobile environments 

and can severely degrade the performance of a system. In practical systems, a RAKE 

receiver [Tur80] is used, which combines information from multiple resolvable signal 

components to obtain a better estimate of the transmitted signal. This characteristic is not 

available to narrowband waveforms. To combat multipath in a TDMA system, channel 
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equalization is needed at the receiver. This results in complex receiver designs, and also 

may affect the ability to perform smooth handover [Pic91]. 

| CDMA also provides soft limits on capacity. If the number of users exceeds the system’s 

‘safe margin the bit error requirements can be relaxed temporarily to accommodate the 

additional demand. Thus the system degrades gracefully, in contrast to orthogonal 

multiplexing techniques that operate within hard capacity limits’; / 

The IS-95 standard proposed by QUALCOMM also provides a form of spatial diversity 

utilizing a feature known as soft handoff. In a cellular system using soft handoff, the 

power of the nearby base station is constantly monitored by the mobile unit. When the 

mobile approaches a cell boundary, it establishes an additional link with another station of 

the neighboring cell. Thus the call is now simultaneously carried by two stations or 

perhaps more. The signals arriving at the mobile are combined to obtain as strong a signal 

as possible. All the connections remain active until the mobile receives an adequate signal 

from one base station, in which case the other links are dropped. This technique prevents 

the so called “ping-pong effect”, characteristic of the hard handoff, in which the call 1s 

handed back and forth between two base stations until a strong link is established. _ 

‘Another attractive feature of using CDMA in wireless applications is the possibility of 

overlaying DSSS in the same frequency spectrum as an existing narrowband system with 

few compatibility and interference concerns. This is accomplished because the power 

spectral density of a broadband spread spectrum system is very low and virtually appears 

as thermal noise to the narrowband waveforms [Pic91]. As a result, the transition to digital 

systems can be accomplished in a gradual manner, avoiding expensive disruption of the 

existing frequency allocation. A proposed overlay system can be found in [Sch92]. 

Finally, because DSSS employs noise-like signals (pseudonoise sequences) to expand the 

transmission bandwidth, privacy is inherent since each user uses a uniquely addressable 

code [Pic91]. | 

1.2 Near-far Problem in CDMA Systems 

For the reasons described above, CDMA is an attractive technology for cellular 

communications. However, there are some problems associated with this technique / One 

such problem is that the capacity of CDMA in a single cell environment does not approach 
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that of FOMA or TDMA. A second major drawback is the well-known “near-far” problem 

which is inherent in DSSS systems. 

The very fact that makes CDMA an efficient alternative to spectrum usage, also makes 

this approach vulnerable to what is known as near-far effect. This occurs when an 

undesired transmitter is closer to the base station than the mobile of interest (the one that 

the base is trying to listen). Since the signal strength attenuates with distance, the close-in 

Base 

Station 

Mobile #2 Mobile #1 

Figure 1.1 - Dlustration of the near-far problem in 

a CDMA system 

user has stronger power. The ratio of received signal powers is given by (d,/d,,)’, where dj 

is the distance of the remote mobile, d,, is the distance of the undesired transmitter close to 

the base, and r is the propagation exponent. If for example, d,/d,, = 20 and r=2 for free 

space conditions, the interfering user is stronger by 26 dB. A power difference of that 

magnitude can potentially swamp the desired signal [Pic91]. Figure 1.1 illustrates the 

near-far problem (reverse channel) in a CDMA system. :} 

In order to overcome the near-far problem, practical systems apply stringent power control 

in which the power of each terminal is constantly monitored and adjusted in an effort to 

bring all the signals arriving at the base station to the same level. Figure 1.2 illustrates the 

idea of power control. Power control is required mostly on the reverse link (from the 

mobile unit to the base station) to combat the near-far problem, although it can be also be 

applied on the forward channel (from the base station to the mobile unit) to combat fading 

[Cam93a]. However, perfect power control is difficult to attain and small power variations 

can result in significant performance degradation and capacity reduction. It has been 

shown that power level variations of 1-2 dB can result in capacity losses in the order of 

15-30% [Woe92a, Cam93a]. Even if more complex RAKE receiver designs are used, the 
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. . Ideal power control 

A Fading Signal A adjustment 

z ° 
© An 

> — 

Time Time 

Figure 1.2 - Hlustration of power control 

near-far problem is not eliminated [Cam93b, Li 93b]. 

The near-far problem is inherent in DS-CDMA systems, because there is not frequency or 

time orthogonality to prevent the multiple transmissions from interfering with one 

another. These systems must rely on the low cross-correlation properties of the PN 

sequences to perform adequately. This is another problem by itself which has attracted 

great attention by the research community. Self-jamming, refers to the interference applied 

to a specific signal by the non-zero contributions of other signals in the system. In an 

asynchronous CDMA channel, code orthogonality is impossible to obtain [Pic91]. Thus 

during the despreading process of a particular signal spurious cross-correlation products 

from other PN sequences are added to the desired signal leading to faulty signal 

estimations. In FDMA and TDMA, frequency and time allocation provide protection (to a 

certain extent) against self-jamming. Self-jamming is related to the near-far problem since’ 

both effects are consequences of the absence of frequency orthogonality in a COMA 

system. To combat the self-jamming effect, it is important to design a system with low 

cross-correlations among the PN sequences. However, as it is discussed in section 2.3 this 

is not easy to accomplish, particularly in systems with large number of users. ;. »:- - 

1.3 Multiuser Receivers 

Both the problems of capacity and the near-far effect can be significantly alleviated by 

introducing the idea of a multi-user receiver. The principal idea is to view the 
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simultaneous reception of multiple signals as a cooperative effort in which information is 

shared, rather than as an individual effort of many isolated receivers. This viewpoint, 

illustrated in Figure 1.3, is appropriate for the base station of a cellular system in which 

many signals from mobile users are simultaneously demodulated. In a multiuser receiver, 

any differences can be used to distinguish between signals. As a result, multiuser receivers 
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Figure 1.3 - Single and multiuser reception 

not only increase capacity, but are extremely resistant to differences in signal levels 

associated with the near-far problem. 

The optimum multiuser receiver for a DSSS CDMA system in Gaussian noise was derived 

by Verdu [Ver86], and it was shown that this detector is resistant to the near-far effect 

regardless of the relative power magnitudes of the users. From this result, we can conclude 

that the near-far problem is not inherent to DS-CDMA systems after all, but only to 

conventional single-user detectors [Lup90]. Verdu’s receiver resembles the structure of the 

well-known Viterbi decoding algorithm [For74]. The principle shortcoming of this 
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receiver is that the complexity is exponentially proportional to the number of users. Thus 

if there are K active users in the system, then the resulting optimum receiver has 

complexity proportional to 2x, making it hopelessly complex for use in practical systems. 

A suboptimal approach to multiuser reception is the multistage receiver introduced by 

Varanasi and Aazhang [Var90]. The basic idea of this receiver is to estimate the 

interference produced by each user and subtract that interference from the received signal. 

This operation may be repeated iteratively to obtain successively better estimates of the 

desired signal. This receiver approaches the performance and near-far resistance of the 

optimum receiver with considerably less complexity. However, it requires perfect 

knowledge of the received power levels for all users and is not capable of operating 

efficiently in the presence of time-varying multipath propagation which is characteristic in 

mobile channels. 

1.4 Purpose of Research 

This thesis introduces a multistage receiver design for COMA systems which uses the 

output of a RAKE receiver to form iterative estimates of both the mobile channel impulse 

response and the received data, with no prior information about the channel conditions. 

Unlike the multistage approach of [Var90], it is able to adapt dynamically to time-varying 

channels. The key innovation is the introduction of the RAKE receiver to estimate the 

channel impulse response. A decorrelation RAKE receiver was proposed in [Wij93]. 

However, the multistage RAKE proposed here is a more general approach which allows 

for multiple stages of interference cancellation. Holtzman has proposed a successive 

interference cancellation scheme which cancels interference on the basis of the interferer’s 

received power rank [Pat93, Holtz94]. This approach will be more efficient than the 

multistage RAKE presented here if one or more multiple access interferers dominate; 

however, the approach presented in this thesis will be superior if reasonable power control 

is present, which is more typical of the cellular environment. 

This thesis examines the problem using a computer simulation approach, in an effort to 

illustrate advantages of the technique in a practical system. Simulation techniques are 

useful in predicting the performance of a system, especially when analytic closed form 

expressions become too complex. Thus software was developed in ANSI C to simulate the 

performance of the multistage RAKE interference rejection scheme in a DS-CDMA 
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system. In this work, we develop a BPSK DS-CDMA transmitter, receiver and 

communications channel in software to represent the systems as realistically as possible. 

Emphasis is placed on the receiver design, which we call multistage RAKE receiver and it 

consists of a bank of RAKE receivers which estimate the data and channel for all users in 

the system. Following this first stage, another bank of RAKE receivers performs 

interference cancelation and signal reconstruction. The approach is general and can be 

extended to an arbitrary number of stages; however, simulations presented here show that 

two stages are sufficient for excellent performance. 

The simulator evaluates the bit error rate (BER) performance of the receiver under a 

variety of parameters that are important to the system. The multistage RAKE is examined 

first under simple channel conditions to assure that the results agree with theoretical 

bounds and other results from previous work. These results reflect a single propagation 

path in a Gaussian channel with ideal power control. The same channel structure is used 

for more rays, and in this case a RAKE receiver is used to exploit the multipath 

components that are present in the spread spectrum system. An imperfect power control 

option is also included in the simulator and results are presented for different power 

variances. Important parameters such number of simultaneous users, relative transmitted 

power and signal to noise ratio are included and varied over a range of values to check the 

performance of the interference rejection scheme. The model used is based on a well 

known channel model described by [Tur72] in which the multipath components arrive at 

the receiver as pulses at discrete intervals. 

1.5 Outline of Thesis 

The remainder of this thesis is arranged as follows. Chapter 2 presents a DSSS system 

model and highlights some important aspects in the operation and performance of CDMA 

systems. The function of a DSSS transmitter and receiver is presented for a BPSK 

modulation scheme. An extra section is devoted to PN sequences, since they constitute a 

very important element in spread spectrum systems. 

Chapter 3 focuses on the problem of interference in CDMA systems. We describe how the 

interference affects the performance and limits the capacity of such a system. In this 

chapter we discuss alternative approaches to interference rejection. We also examine the 

conditions under which the multistage RAKE approach is appropriate. 
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In Chapter 4 we present a mathematical description of the Multistage RAKE receiver 

introduced in this thesis. Also in this chapter we summarize the software developed to 

simulate this receiver. 

Chapter 5 includes results from the simulations obtained under different parameter values. 

We present results for different loading scenarios, and different power values. Results of 

the performance of the receiver under a variety of multipath channels are also presented 

here. Capacity improvements and the near-far resistance of the proposed design are also 

presented in this chapter. Over a broad range of channel models, a two-stage RAKE 

receiver results in a two-to-threefold increase in capacity over conventional receivers. 

In Chapter 6 we draw conclusions and summarize the work. Here also we present 

suggestions for future work on this subject. Finally, Appendix A contains a description of 

the C programs written for the multistage RAKE receiver. 
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2. Spread Spectrum Systems - CDMA System Model 

2.1 Introduction 

A spread spectrum system is characterized by two requirements. First, the bandwidth of 

the transmitted signal has to be larger than its bit rate. Second, the demodulation of the 

transmitted signal has to be accomplished using a replica of the code signal that was used 

to spread the information signal. In that context techniques such as wideband frequency 

modulation and low rate coding are not considered spread spectrum modulations, since 

they do not meet the aforementioned restrictions [Zie85]. 

There are two commonly used methods of spreading the spectrum of a signal, direct 

sequence and frequency hopping. 

'1) Direct Sequence (DS): In this method, the data-modulated signal is modulated a second 

time by a wideband spreading signal. This is done by modulating each information bit by 

a series of short-duration pulses, called chips. This results in the expansion of the 

bandwidth of the original data by an amount equal to the length of the chip sequence. For 

example if the data bit rate of a signal is R, = 10 kbits/sec then the information 

bandwidth of this system is B = 10 kHz. However if the signal is modulated by a 

spreading sequence of 100 chips per bit, then the transmission bandwidth of this system is 

B,, = 1 MHz. The number of chips per bit is usually called the processing gain N of the 

system. The second modulation usually involves some form of digital angle modulation, 

although analog amplitude modulation is also conceptually possible [Zie85]. 

2) Frequency Hopping (FH): A second method of widening the spectrum of a signal is to 

change the frequency of the carrier periodically. In this case the spreading code represents 

a sequence of carrier frequencies that the signal is transmitted. The FH receiver must have 

knowledge of the spreading code to be able to track the transmitted signal whose carrier 

hops in a pattern dictated by this code. Thus if the information bandwidth is B = 10 kHz 

and there are 100 frequencies to hop, then the transmission spectrum has bandwidth of 

B,, = 1 MHz. Frequency Hopping systems are classified as fast or slow depending on 

the hopping speed. In the fast FH, the carrier makes two or more hops per data symbol 

whereas in the slow FH systems the carrier makes one hop per one or more symbols. 

Technical limitations restrict FH systems today to operate only as slow FH [Lee91). 
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In a FH system a carrier hops to multiple frequency channels many of which are 

characterized by strong noise and interference. In case of collided signals, an FH system 

reduces the amplitude of all transmitted signals to levels that are unsuitable for quality 

communications. A fast FH system could overcome this problems by diversity utilization, 

but such system is not available yet. Another difference between a DS and a FH system is 

that direct sequence can be coherently demodulated. In a frequency hopping system phase 

reference is difficult to maintain, thus an FH system is usually demodulated noncoherently 

[Lee9 1]. 

“, Both DS and FH spread spectrum techniques have applications to cellular telephony. 

Frequency hopping has been proposed to provide frequency diversity for the GSM 

[Sez94] and the Cellular Digital Packet Data (CDPD) systems [Jac94]. However, DSSS 

has attracted considerably more attention as a technique for implementing CDMA. — 

2.2 CDMA System Model 

2.2.1 Transmitter 

In this work we consider the application of CDMA systems (implemented using DS 

Spread Spectrum techniques) as a way of improving the capacity in cellular and other 

multiuser systems. The most common way of modulating the information carrier in a 

DSSS system is by using Bipolar Phase Shift Keying (BPSK). In this technique the phase 

of the carrier changes instantaneously by 180 degrees according to a modulating signal. 

b(t) a (4) s(t) 

,/2P cos (w,1) a(t) 

Figure 2.1 - BPSK direct-sequence spread spectrum transmitter 

This can be represented mathematically as a multiplication of the carrier by a spreading 

signal a(t) which takes the values t1 . Figure 2.1 shows a BPSK direct sequence spread 
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spectrum transmitter model. In the figure, b(t) represents the data signal where a binary 

1 is represented by +1 and a binary 0 by -1. The signal b(t) modulates the RF carrier 

/2P cos (@,t) in which P is the power and q@, is the carrier frequency. The resulting 

signal d(t)= ./2P b(t) cos(@,t) is modulated again by the spreading signal a(7) , 

which is different for each user. This operation results in the expansion of the transmission 

bandwidth, by an amount proportional to the processing gain N. The signal 

s(t) = ./2Pa(t)b(t) cos(w,t) is transmitted over the channel and arrives at the 
receiver after some delay. Figure 2.2 illustrates the time waveforms in the transmitter 

during the modulation process and shows that the polarity of the transmitted signal 

changes instantaneously according to the product b(t) a(t) . 

A T 1     

b(t) >   

      

        

  a(t) > 

                        

  
Figure 2.2 - BPSK direct-sequence spreading process 

In DS spread spectrum systems the duration of a chip JT, is much smaller than that of a 

data bit 7,, or alternatively the chip rate R. is much higher than the data rate R,. The 
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ratio of R./R, (or equivalently 7,/T,) is called processing gain. The length of the PN 

sequence varies depending on the application, but a longer PN sequence results in a higher 

processing gain and a wider transmission bandwidth. Transmission bandwidth in turn 

directly affects the capability of a CDMA system. If the available bandwidth is 1 MHz, the 

processing gain possible is limited by that 1 MHz, or the RK, is limited to 0.5 Mchip/sec 

[Dix84]!. For the example cited above, the processing gain is equal to B ss/B = 100 or 

20 dB. 

2.2.2 Receiver 

The received signal r(t) arrives at the receiver after some delay t and is a combination 

of the transmitted signal s(t), noise, and interference. Demodulation is accomplished by 

correlating an exact replica of the PN sequence a(t) with r(t) to despread the signal. 

The despread signal is multiplied by ./2P cos (q@,t) to obtain the final bit estimate. Notice 

that since the signal arrives after a certain delay the receiver has to have a good 

synchronization mechanism (or time reference) to align the two signals a(t) and r(t) at 

exactly the correct moment. If not, the autocorrelation products will be small and the 

decision estimates may be faulty. 

T a 

t ) LD Z decision | 

mo + + circuit §~[ 

a(t) 2P cos (@,1) 
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Figure 2.3 - BPSK direct-sequence spread spectrum receiver 

The receiver described above is a correlation type receiver, because it relies on the 

autocorrelation properties of the PN sequences to despread the received signal. The 

structure of the receiver as shown in Figure 2.3 is also known as integrate and dump, 
  

1. Dixon refers to RF bandwidth as the 3dB bandwidth, which for practical systems is equal to 
0.88- chip rate 
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because of the summation operation which is repeated periodically, the result of which is 

not used after that period has passed. This particular demodulator is called a hard decision 

demodulator since its output symbols are identical with the original data symbols. In this 

type of a demodulator the value of an output bit is obtained by the comparison of the 

estimate with a certain threshold. In the case of BPSK signalling the threshold is set to 0, 

and if the estimate is greater than 0, then the output bit is assigned the value 1. Otherwise 

is assigned the value 0. It is important to note that if channel coding is used, the output of 

the demodulator may take more than two (in BPSK) discrete values, in which case the 

extra symbols are used by the channel decoder to obtain more information about the 

transmitted symbol [Zie85]. This latter type is called soft decision demodulator. 

Consider for the purposes of illustration an example of a BPSK system in which it is 

desired to transmit one bit with value 0. For ease of notation, we can conduct the example 

in a discrete domain, in which the index i represents a discrete time interval (chip). If we 

represent a 0 as a -1, and assume that the PN sequence is a=1,1,1,1,-1,-1,-1,-1,1,-1, then 

the spread bit can be represented by the sequence: s=-1,-1,-1,-1,1,1,1,1,-1,1. This 

sequence is transmitted through the channel and is received by the receiver after a certain 

delay. However, let us assume that the channel is free of noise, interference and other 

deficiencies, and that the delay is 0, that is s=r;. At the receiver the signal 7; is multiplied 

with a; and the results are summed over the bit period T, which in this case is equal to 

N=10 chips. The decision estimate z is then 

z= Yi (2.1) 

=(1-—1)4(1 --1 (1 > -1 (1° -1 {-1: 1 4-1 + 1 (-1 + 1-1 1 #1 - 1 4-1 + 1) 

= -10. Note that equation (2.1) is an expression of the discrete correlation between two 

sequences. Since the estimate z is less than 0, the decision is made that a -1 was 

transmitted, or equivalently that the bit sent originally was a 0. Notice, that in ideal 

conditions the estimate always takes the value +N or -N depending on whether the 

transmitted symbol is a 1 or a 0. However, in realistic environments where noise and 

interference are dominant, the estimate might deviate from the ideal value N, depending 

on the conditions of channel, and the accuracy of time reference at the receiver. 

The expansion of the transmission bandwidth is the main characteristic of spread spectrum 

systems and it is this attribute that provides resistance to narrowband interference that 
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appear in the same frequency band. This is illustrated in Figure 2.4, where a spread 

spectrum signal is shown along with a narrowband interferer. Figure 2.4a shows the power 

spectrum of each signal before the despreading operation and 2.4b after despreading. The 

amplitude and the bandwidth of each signal is scaled in proportion to R./R, ratio, or 

alternatively to the processing gain. Before despreading takes place the interfering signal 

is strong but narrow. This type of signal fits the description of an intentional jammer or a 

narrowband interfering signal. At the receiver the desired signal is despread, but the 

narrowband signal however is spread. This results to reduction of its power level by 
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Figure 2.4 - Power spectral densities of interference and desired 
signal a) before despreading b) after despreading 

T ./T , which is proportional to the processing gain, and spreading of its bandwidth by the 

factor T/T,. The desired signal can easily be recovered and the interference rejected by a 

bandpass filter tuned to the desired carrier frequency [Dix84]. It is evident that a higher 

  

Chapter 2 - CDMA System Model Page 15



A Multistage RAKE Receiver for COMA Systems Stavros Striglis 
  

processing gain in a CDMA system results in a greater suppression of the narrowband 

interference. In general a higher processing gain results in a system that is more robust to 

noise, interference and other environment deficiencies. However, there are 

implementation issues that make the indefinite increase of processing gain not feasible. 

A higher processing gain results in a wider spectrum which is a limited resource, thus 

must be used sparingly and with high efficiency. Presently integrated circuits are capable 

of producing codes at a rate of about 300 Mcps. Even if these circuits were used, Dixon 

[Dix84) argues that the benefit obtained might not worth the cost and effort. Another issue 

is the high power consumed by these fast devices which creates questions about their 

afordability in DSSS systems. Finally, synchronization cannot always be achieved if the 

chip rate approaches very high values. On the other hand processing gain can be increased 

by reducing the data rate; this however, depends on how fast we want to transfer the 

desired information and on the dynamic nature of the channel that carries the information, 

which can exhibit instabilities and cause errors [Dix84]. In practice, a spread bandwidth of 

10 MHz is sufficient to overcome the effects of multipath propagation at cellular 

frequencies [Sch92]. 

The receiver structure shown in Figure 2.3 is effective only in simple channels in which 

the major shortcoming is the Gaussian noise. In more complex and more realistic 

multipath environments, where multiple versions of the signal arrive at the receiver at 

arbitrary delays, the RAKE receiver should be used. The RAKE receiver is discussed in 

Chapter 3. 

2.3 PN Sequences 

In a CDMA system, unlike other multiple access methods such as FDMA or TDMA, there 

is not time or frequency allocation of the available resources, so each transmission 

occupies all the time and bandwidth available in that system. For that, there must be a 

means of distinguishing the different signals emitted from different users. This is 

accomplished, as mentioned above by assigning each user a spreading code, that is unique 

and distinguishable by its CDMA receiver. How different these codes are from one 

another is critical to the quality and robustness of a CDMA system, and there has been 

extensive research dedicated to finding good sets of sequences. The importance of the 

spreading sequences in a CDMA system is difficult to overemphasize since the type of 
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code, its rate and its length set bounds on the capability of the system that can be changed 

by changing the PN sequence only [Dix84]. This section is only an outline of some of the 

important issues associated with the PN sequences, including types and generation of 

spreading sequences. 

Because in a CDMA system all transmissions share the same spectrum the spreading 

sequences ideally should be mutually orthogonal! so that the errors at the correlation 

receiver are minimized. However, orthogonality among a number of spreading sequences 

is not easily achieved, particularly if the number of codes required is large. Therefore, 

practical systems use PN sequences that exhibit some correlation [Pro89]. 

The choice of a spreading code is dictated by the underlying application of the spread 

spectrum system and issues such as security, and maximum capacity of the system. In 

cellular CDMA systems however, where different wideband signals overlap at random 

delays, a code that satisfies the property of low partial cross-correlation is perhaps the best 

alternative [Jer84]. 

In spread spectrum systems one family of codes, the maximal length codes (also called m- 

sequences), is very useful because it exhibits very desirable autocorrelation properties. 

These are linear codes, and as their name indicates are the longest codes that can be 

generated by a given shift register [Dix84]. A shift register with n stages can generate m- 

sequences of length 2"-1. Thus a register with 5 stages can generate 6 PN sequences of 

length 31 as shown in Figure 2.5. 

            output 

  

                              

Figure 2.5 - Illustration of maximal sequence generation 

Maximal sequences possess desirable autocorrelation properties. Their autocorrelation 

plot is two-valued, with a high peak only at the zero shift point [DIx84]. This is a very 
  

1. Two sequences are orthogonal if their cross-correlation function expressed in equation (2.1) 
evaluates to 0. 
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powerful property because it enables the receiver to distinguish the correct 

synchronization timing. The cross-correlation function, however, is not so well behaved in 

m-sequences because the peaks exhibited are unacceptably large to be used in a system 

with many transmitters, such as CDMA [Pro89]. Furthermore, the cross-correlation is as 

the partial autocorrelation function, three-valued, four-valued or possibly many-valued. 

This attribute can force the receiver into making faulty detections, when the environment 

is dominated by random delays and multiple transmissions [Zie85]. Finally, there is a 

relatively small number of such sequences, limiting the number of subscribers in a COMA 

system. - - 

Despite the disadvantages that make m-sequences unsuitable for CDMA applications, the 

linear addition of these codes allows generation of other useful classes of codes. This 

property dictates that the addition of two m-sequences of length r produces a composite 

sequence of length r but not maximal, which is different for any delay combination 

between the two m-sequences [Dix84]. An important class of spreading codes, the Gold 

codes, is based on this property. Gold sequences are obtained by the modulo-2 addition of 

two maximal codes at different time shifts. Figure 2.6 shows a 5-stage Gold sequence 

generator obtained by a combination of two m-sequence shift registers. 

Gold agr-7 43 tabla, 
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Figure 2.6 - Typical Gold code generator 
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The two m-sequences represented by these registers are described by the generator 
. 5. 2 ; 5 4 3 

polynomials g(p)=p +p +1 and g'(p)=p +p +p +p+i1, where the 

polynomial coefficients represent the placement of taps in the feedback lines in Figure 2.6. 

Because all the delay combinations between the two codes produce valid Gold sequences, 

this scheme can generate a plethora of new codes. Only two n-lengthed shift registers can 

produce up to ( 2” - 1) +2 codes (in this example 33 codes), whereas a multiple-register 
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Gold code generator can output (2" - 1)" +r sequences, where r is the number of shift 

registers [Dix84]. Furthermore, Gold codes exhibit much better cross-correlation plots 

than maximal sequences. These attributes make Gold sequences suitable for multiuser 

systems such as CDMA. It is important to note that not any two maximal sequences can 

produce a Gold code with low cross-correlation function. The two m-sequences must be 

preferred pairs, i.e their cross-correlation must be a three-valued function [Pro89]. 

There other codes that can be used in spread spectrum systems, and the choice is based 

primarily on whether the system is used for antijamming, low detectability or multiuser 

applications. JPL ranging codes are used in applications (such as planetary missions) 

where good and fast code synchronization between the transmitter and the receiver is 

mostly important [Zie85]. In antijamming applications m-codes are comparable to the 

Golay codes [Pro89]. In CDMA systems Gold and Kasami (also derived from combining 

m-sequences) codes are preferred due to their well-defined cross-correlation properties. In 

[Ols77] and [Sar80] the interested reader can find other binary sequences suitable for 

CDMA systems. The IS-95 standard for cellular CDMA, employs an extremely large set 

of codes in an effort to assign a unique sequence to each potential subscriber [Qual92]. 

2.4 Chapter Summary 

This chapter has discussed the basic principles of operation of a DSSS system. In the 

following chapter, we develop a detailed model of a CDMA system with multiple access 

interference. In subsequent chapters we will apply interference rejection techniques to this 

system model. 
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3. Interference in CDMA Systems 

CDMA systems (unlike other multiple access schemes such as TDMA or FDMA) can 

viewed as interference limited systems rather than bandwidth limited. This is a 

consequence of the fact that in spread spectrum systems the same bandwidth is accessible 

to all transmissions at all times. Consequently, interference reduction is of paramount 

importance in such systems. This chapter focuses on the shortcomings of a CDMA system 

and examines methods of interference cancellation: Since the forward channel (from base 

station to mobile unit) is not subject to the near-far problem, we consider the reverse link 

as the critical path which deserves special attention. Although certain problems are 

common to both the forward and reverse paths, in this work we examine interference in 

signals arriving at the base station. 

3.1 Interference Types in CDMA Systems 

An important reason for adopting CDMA in a cellular system is the increase in capacity 

that this technique can provide. It is recognized that capacity in a CMDA system is only 

interference limited, so any reduction of it converts directly into an increase in capacity 

[Gil91]. There are many types of interference in a mobile environment. However, some 

types, are closely associated with spread spectrum systems and their elimination is critical 

to the performance of such systems. Next, we discuss some of the conditions that a 

CDMA system has to overcome to meet reliability and robustness criteria. 

Thermal noise is generally modeled as Additive White Gaussian Noise (AWGN). This is 

the background noise existing in any electronic equipment today. Very seldom is a channel 

simple enough to be characterized by Gaussian noise only. 

Narrowband noise is another type of interference that can degrade the performance of a 

CDMA system. Although a narrowband power spectral density is reduced at the receiver 

by a factor B,./B, the spread spectrum system must have a large processing gain to 

prevent jamming of the broadband signal. This problem is particularly acute in an overlay 

architecture in which case the CDMA base station could swamp the narrowband mobiles 

or the narrowband base stations could jam the CDMA mobiles [Sch92]. 

In all except very simple transmission conditions, radio communication links are 
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subjected to conditions in which energy can travel from the transmitter to the receiver via 

more than one path. This multipath situation arises in different ways depending on the 

application [Par89]. In the mobile environment, multipath components are generated by 

surrounding scatterers and arrive at the receiver at different time delays. These delays 

primarily depend on the propagation environment, but their rate of change also varies due 

to the motion of the mobile in space. Thus, mobility induces a propagation environment 

that changes with space and time, creating a dynamic multipath situation. In these 

conditions, interference is caused by attenuated versions of the original signal, which 

arrive at receiver at random delays and distort one another. The RAKE receiver is used in 

multipath channels to exploit the inherent time-diversity that exists in direct sequence 

spread spectrum systems. 

In CDMA, all traffic channels are sharing one radio channel. Therefore a strong signal 

received from a close-in transmitter, will mask a weak signal coming from a remote 

mobile unit far from the base station [Lee91]. This near-far effect is an inherent 

shortcoming of CDMA systems. To combat it, power control is implemented in practical 

systems although there are questions as to how accurate and effective this method can be. 

Another approach, not necessarily mutually exclusive to the power control, is the 

employment of interference rejection techniques which take advantage of the dissimilar 

powers of the received signals in an effort to extract the weak signals from the stronger 

ones. 

By far the most important type of interference in CDMA systems is the multiple access 

interference (MAI). In fact the characterization interference limited given to such systems 

refers to the multiple access interference. In attempting to have many users communicate 

simultaneously, the mutual interference sets a limit on the number of active users [Pic91]. 

Notice that MAI is present in any system and is independent of the power control. Even if 

ideal power control is applied to a system, MAI remains a strong limiting factor. Much 

research has been devoted to this type of interference, and in an attempt to evaluate MAT 

in a closed analytic form, ideal power control has been assumed by many researchers 

[Pur77, Leh89]. 

In a single cell system interference can be reduced applying power control to the users 

located in that particular cell. In a multiple cell system, however, the situation becomes 

more complicated. This is because the subscribers are power controlled by the base station 

of their own cell. To clarify this type of interference consider an example of two cells. Let 
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us call their base stations at the center of these cells station#1 and station#2; similarly we 

can call mobile#1 and mobile#2 the subscribers located in cell#1 and cell#2 respectively. 

Station#2 applies power control to its own subscriber, i.e. mobile#2. However, mobile#2 

cannot be controlled by station#1, thus mobile#2 imposes some interference on cell#1, 

due to near-far conditions existing. Therefore, the interference imposed on stationl#1 is 

proportional not only to the path loss from mobile#2 to staton#l but also inversely 

proportional to the path loss from mobile#2 to station#2 [Gil91]. A detailed analysis of 

this problem can be found in [Lib94]. 

3.2 Multiple Access Interference 

Multiple access interference is another term used for the “self-jamming” effect, discussed 

in section 1.3. As explained in that section is not possible to preserve orthogonal 

signalling in a practical system due to harsh conditions prevailing in a mobile 

environment. This causes spurious signals from one user to leak into another user’s signal. 
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Figure 3.1 - Multiple access model of a CDMA system 

Recognizing that in a realistic scenario non-orthogonality is the norm, the obvious point of 

interest is to determine how much degradation MAI causes to the system performance. 
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This problem is analyzed in [Cam92, Leh87b, Mor89]. Here we will develop the 

mathematical expressions for the multiple access interference which will form the basis 

for later analysis. 

The model under consideration is shown in Figure 3.1 and is similar to that used in 

[Purs77}. In this model there are K simultaneous transmissions as in the model described 

in [Purs81]. The channel in this analysis is an additive white Gaussian noise (AWGN), and 

the signaling format is of binary phase shift keying (BPSK). Each user is transmitting a 

sequence of data bits in an asynchronous fashion. The transmitted waveform s,(t-1,) of 

the k user may be expressed as 

s,(t-1,)= /2Pb,(t-1,) a,(t- 1,) cos {@, (t- t,) +,}, (3.1) 

where b,(t) is the data signal, a,(t) is the spreading signal, and t, is the time delay 

parameter that accounts for the propagation delay and the lack of synchronism between 

transmitters. Furthermore, w, is the carrier frequency, P is the signal power (assuming 

equal power for all users) and 9, is the phase of each user. The delay t, is assumed to be 

a random variable uniformly distributed in the interval [0,7) where T is the time duration 

of a bit. Similarly the phase 9, is uniformly distributed in the range [0,27 ), and it 

expresses the phase difference of the k® user relative to a desired user. Without loss of 

generality we can assume that the desired user is the user with index k=1, and we can 

safely set t, = 9, = 0, so that all other phases and delays are taken relative to user 1. The 

data signal can be expressed as 

b,(9 = y bj Pp (t - iT) , (3.2) 

j= 

where bi € {+1} is the i™ bit of the k user and is a binary equiprobable random 

variable. In Equation (3.2), p,{t) is a unit rectangular pulse defined by p_{t)=1 for 

Ost<T and p,{t)=0, otherwise. The duration of one bit is T. The spreading signal can be 

expressed by 

a,() = Y %&p,(t-JT,) , G3) 
j= 

where a,€ {11} is the j™ chip of the k user’s signature sequence {a,} , and is a 

binary equiprobable random variable. If in (3.3), p, (t) is unit a rectangular pulse, time 
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limited to the interval [0,7,) and normalized to have energy 7,, then the system has the 

BPSK signaling format [Leh87a]. 

Having defined the waveforms for the transmitter, we can proceed and examine the signal 

at the receiver. For the simplest channel model, the received signal r(t) consists of the 

transmitted signal of each user, and the noise which in this case is assumed to be additive 

white Gaussian noise. Thus we can express r(f) by 

K 

r(t)=s,(t) +n(t) + y; s,(t-%), (3.4) 

kx 

where s, (¢) is the desired user and n(f) represents the AWGN with double-sided power 

spectral density equal to —2. The term s,(t-1,) describes the transmitted signal of the 

jh interfering user. The received signal is correlated with the PN sequence of user 1 and 

the result z; is fed into a threshold device where the value of the data bit is determined as 

shown in (3.5). 

b, = { " 7120 (3.5) 
0 if 2z,<0 

In the Equation above b expresses the estimate of the i® bit of the 1% user, based on the 

decision statistic Zz . The decision statistic for the coherent correlation receiver (see Figure 

2.3) under consideration is 

iT+T 

z= f 7a, (0) cos (at) de . (3.6) 
iT 

Notice that since the above expression refers to user 1, there is no delay t, and phase o) 

since we assume that both are zero. Substituting r(‘) from (3.4) into (3.6), the estimate z 

can be written as the summation of noise and signal components. 

K 

4p = AFE+ PI. (3.7) 
k=2 

In (3.7) we dropped the superscript i referring to the i bit for ease of notation, and 

assuming that the 1™ bit is being demodulated. In (3.7), A is the component of the decision 
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statistic that corresponds to the desired signal, and & is the noise component. Since we 

assumed earlier that user 1 is the reference user, J, expresses the interference of user k on 

user 1. 

Specifically the desired signal is equal to 

T T 

A= fs (t) a, (t) cos (w,1) dt = [v2Pb, (t) a’ (t) cos (wt) dt = fee T, (3.8) 

0 0 

where the interval [0,7) expresses the interval of the first data bit. The noise & is equal to 

T 

E= fn (t) a, (t) cos (w,#) dt, (3.9) 
0 

which is a Gaussian random variable given that n(1) is a Gaussian random process. The 

mean and variance of & is zero and Not respectively [Leh87a]. Finally the interference 

term of user k to user 1 is equal to 

  

T 

I, = [2Pb,(t- %) a, (t- %) cos {@, (t- T,) +9 }a, (t) cos(@,t) dt (3.10) 

0 

If we let 6, = $, - @,1,, then for high frequencies (w,t,>>1), 0, is a random variable 

with uniform distribution on [0,27 ). Then we may rewrite (3.10) as 

T 

i= f2P (by (t — T,) a, (t - T,) a, (2) cos (w,t + 6,) cos (w,2) dt 

0 

T 

- feos (By) [og 4) ag (t~ 4) a, (0) a Gl) 
0 

Before proceeding it is important to see how the interference bits affect the desired data 

bits. For illustration purposes assume that one data bit from user 1 arrives at the receiver at 

time 0. The interference from user k originates from two overlapping bits, as shown in 

Figure 3.2. Notice that in this example we do not consider amplitude attenuations imposed 

on the received data bits by the channel. In Figure 3.2, bY is the current bit of user 1, and 

b;' is the previous bit of user k that arrived t,-T time earlier. Thus the delay of the 
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current bit of the interferer k is T- 

  

      

  

          

A 

by 
t — 

0 T 2T t 

-1 0 
b, b, 

— 

Figure 3.2 - Interfering bit sequence 

From Figure 3.2, we see that in Equation (3.11) the interfering data signal b, (t-+,) can 

represent the current or previous bit depending on the delay t, . Therefore 

by, t€ [0,%;) 

by, t€ [tpT] 

Taking into account the result in (3.12) and separating the integral of (3.11) into two parts 

to account for the two time intervals [0,1,) and [t,, 7] , the interference of a user k on 

the desired user is expressed as 

b,(t-%,) = | (3.12) 

% T 

I, = frees (8,) pa fae — %y) ay (1) dt + by gf ay (t- %) a (2) a. (3.13) 
0 T 

Observing (3.13) we can see that the interference is the summation of two integrals; one 

that accounts for the interference imposed on the first part (interval [0, t, ) ) and the other 

on the second part of the desired bit (interval [t,, 7] ) as shown in Figure 3.2. We can also 

see how the interference depends upon the signature signals. The two integrals in the 

above equation represent the partial cross-correlation functions between sequence {a,} 
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and {a,}. Ideally, we would like these integrals to equal zero which in turn would make 

I, = 0. However, as discussed in Chapter 2 orthogonality is not possible in practical 

systems, therefore multiple access interference can not be eliminated. Thus, an obvious 

solution would be to generate PN sequences that have good cross-correlation properties. 

For detailed derivation of the above expressions see [Cam93a, Leh87a]. 

In addition, we can see from (3.7) that the estimate z, (therefore the bit decision as well) 

depends on the noise and the summation of the interference. If the number of users 

increases, so does the probability that the estimate will be faulty. Hence the term 

interference limited accompanying CDMA systems is justified. It is also evident that a 

single strong interfering signal could have the same effect as many weak signals. 

In CDMA systems the multiple access interference is treated as wideband noise. This can 

be seen from (3.13) and (3.9) where both expressions are wideband waveforms that add 

onto the desired signal. Thus the interference reduces the total capacity of the system. 

3.3 Interference Rejection 

In the previous section it was shown that the choice of spreading sequence is critical to the 

performance of a CDMA system. However, another idea that should be clear by now is 

that orthogonality is not a realistic option since the signals arrive at the receiver with 

arbitrary time delays. Even if sequences with stringent cross-correlation properties are 

designed, they do not eliminate the near-far problem and the total interference can be 

severe in harsh fading environments. Moreover, low cross-correlations among codes for 

all relative time delays can only be obtained by constructing sets of complex sequences at 

the expense of an increased bandwidth. Since bandwidth is a valuable resource any 

proposed system has to accommodate as many users as can be reliably demodulated for an 

allocated bandwidth [Var90]. 

Conventional CDMA detectors consist of a bank of filters, each one matched to the 

signature sequence of one particular user synchronized in time and phase. The sampled 

output of each matched filter is passed to a threshold detector where the bit decision takes 

place. The i user’s decision statistic in this scheme is expressed in Equation (3.7). Figure 

3.3 illustrates the structure of a conventional COMA-BPSK detector. However, this 

single-user based receiver, performs poorly whenever the signal energies received are 

dissimilar. Even if sophisticated power control schemes are implemented, a power 
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deviation of 1 or 2 dB can severely degrade the effectiveness of this receiver. Although 
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Figure 3.3 - Conventional multiuser CDMA detector 

such demodulator types are non-optimum in common environments, their usage is due 

primarily to their simplicity. 

The optimum demodulator for such systems was proposed in [Ver86] where it was shown 

that it provides near-far resistance regardless of the energy levels of the received signals. 

This demodulator consists of a bank of matched filters followed by a Viterbi algorithm 

stage. The complexity of this demodulator was described in [Ver89], where it was shown 

to depend exponentially on the number of users. Thus if a system has K users, the Viterbi 

algorithm must have 2* states. This computational load can not be tolerated in practical 

systems which may have tens or hundreds of users. Thus the search for a suboptimal 

approach to the multi-user demodulation is a natural one. 

3.3.1 Sub-optimum CDMA Receivers 

We may broadly group interference rejection schemes for CDMA systems into two 

classes: filtered-based techniques which view the separation of signal from interference as 

a filtering problem, and cancellation techniques which attempt to estimate and subtract 

interference from the received signal. An exhaustive survey of interference rejection 

techniques is presented in [Las94]. 
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3.3.1.1 Filter-based Interference Rejection 

Filter-based interference rejection techniques are particularly powerful when they exploit 

cyclostationarity and spectrum correlation for interference rejection. Using this approach 

several researchers have shown that spread spectrum systems can achieve spectral 

capacities close to that of FOMA or TDMA. This idea is based on the assumption that PN 

sequences repeat, thus producing cyclostationarity characteristics. If this is the case, the 

received signal is passed through time or frequency dependent filtering structures to detect 

spectral correlations and extract the desired signal form the interference. Adaptive notch 

filters are examined by a number of researchers as potential methods of interference 

rejection. In [Sau92] there is analysis of transform-domain adaptive filtering of 

narrowband interference. The authors of [Sto87] and [Duk90] examine the use of two- 

sided transversal filters with decision feedback to combat narrowband interference in 

spread spectrum systems. Also in [Dav93] the authors describe an adaptive tapped delay 

line equalizer which operates in CDMA systems. In [Ree87] and in [Hol93] spectral 

correlation is taken advantage by the use of time-dependent adaptive filters to cancel 

multiple access and narrowband interference. The use of neural networks is studied in 

[Aue94], by applying the adaptive radial basis function for rejection and equalization. A 

complete survey of interference rejection techniques is presented in [Las94]. Because 

filtering based on cyclostationary techniques requires knowledge of spreading code only 

the desired user, it is suitable for implementation at mobile units. However, techniques 

which exploit cyclostationarity require short code repeat rates. Therefore, their suitability 

for systems which use long spreading codes, such as the IS-95 system, is an open 

question. 

In [Lup90] the authors obtain a linear multiuser detector, the decorrelating detector, for 

demodulation of asynchronous CDMA signals in white Gaussian channels. The detector 

can be implemented as K separate single-input single-output filters where each of these 

filters can be considered as a modified version of the conventional single-user correlation 

filter. The difference lies on the fact that instead of correlating the received signal with the 

user’s signature sequence, its projection is used, on the subspace that is orthogonal to the 

space spanned by all the interfering signals [Lup90]. This technique is extended in 

[Wij93] by the use of a Sliding Window Decorrelating - RAKE receiver in an effort to 

improve performance in a system without any power control mechanism. 
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3.3.1.2 Multistage Interference Cancellation 

In 1990, Varanasi and Aazhang proposed a multiuser detection strategy based on 

successive multiple access interference rejection [Var90]. The resulting detector processes 

the sufficient statistics via a multistage algorithm with a fixed decoding delay. This 

architecture has been shown to provide significant capacity increase and near-far 

resistance without the complexity of an optimum receiver. Furthermore, this design 

requires no length-constrains of the spreading signature or cyclostationarity properties to 

reject the interference. This detector’s main characteristics are outlined next, since it 

forms the basis of the multistage RAKE receiver that is presented in Chapter 4. 

In [Var90], the decision statistic z, , of stage m is derived exactly and it is expressed as the 

decision statistic of stage 0, out of which the interference is subtracted. Specifically the 

decision statistic given in [Var90] is equal to 

1 .@-) 
z,(m) = z, (0) - r h,, 5; (m) 

iuk+1 

~ hy BC) - ¥ “hn B By (m). (3.14) 
lek i= 1 

In the above expression Zz, k (rm) is the decision statistic of the i bit of the A user of stage 

m and b,~” (m) is the m*™ stage estimate of the (i-1) bit of the #4 user. In (3.14) the 
variable hi x iS the kf element of a (K x K) matrix H for the transmitted symbol i, and it 

is equal to 

hi = Joe T,) 8, (¢+ iT - t,) dt (3.15) 

where s,(t-,) is the transmitted symbol of the 2 user with delay 1, and similarly 

S,(t+iT -1,) is the transmitted symbol of the user / with delay t, - iJ. Without loss of 

generality we can assume that the delays of the K users are such that 

Ost, St S...Sty¢ ST. Therefore the matrix H is an upper triangular with zero 

diagonal: 
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O hy bys hy, | 
0 hog aoe h, 

: (3.16) 

: AK 
10 ee @« © 0     

Notice that when /<k (or equivalently t,<1,) there is no overlap between the bits of 

user k and user /, a fact that is taken into account by the zero entries in matrix H. 

Based on the result of (3.14) the bit estimate is determined from the following expression: 

by (m+1) = sgn[z,(m) | (3.17) 

Observing (3.14) and (3.17) we can conclude that the decision estimate of the (m+1)* 

stage is obtained by subtracting the estimate of the multiple-access interference, which is 

reconstructed using the bit estimates from stage m. 

The structure of the multistage receiver is shown in Figure 3.4. The detector consists of a 
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Figure 3.4 - Suboptimum multistage receiver for BPSK CDMA 
systems 

bank of K matched filters followed by a bank of K m-stage processors. The algorithm 

describing the detector is the following: 

1. Obtain sufficient statistics (stage 0) from the received signal. 
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2. Perform M stages of processing the sufficient statistics where the m® (m2 1) stage 

processor acts on the statistics produced by the (m-1)™ stage. The m® stage consists of 
the following procedure: 

I. Estimation of the unknown symbols from the (m-1)* stage statistics. If m=M, stop; 
else proceed with II. 

II. Reconstruction of the multiple access interference using the estimates obtained in 
step I, and subtraction of the reconstructed interference from the sufficient statis- 

tics to obtain the m'® statistics. 

The first stage of this receiver constitutes a conventional detector used in practical COMA 

systems. Thus, the effectiveness of the first stage is expected to be poor in severe near-far 

conditions. However, a three stage receiver can virtually eliminate all the effects of near- 

far interference, and results in performance that is very close to a system with no 

interference at all. Simulation results also show that only few stages are necessary to 

achieve most of the potential performance improvement [Bai93]. In addition, the same 

simulation results indicated that the number of stages needed for improving performance 

is directly related to the number of distinct power levels on the system. This is attributed 

to the fact that each stage subtracts the strongest interference left in the receiver from the 

previous stage. 

The computational complexity of this receiver is linear to the number of users compared 

to the optimum detector which shows exponential complexity. Furthermore, this receiver 

needs to store the current and the two previous bits of each user and each stage, thus the 

storage requirement is 3(M-1)K for each m = 1,2,...M-1 stage. This amount of 

computation and storage could be easily implemented in the receiver at a base station of a 

CDMA system which must demodulate all signals. However, implementation of this 

techniques within a mobile unit would be prohibitively complex. 

The multistage receiver has been shown to increase capacity by nearly an order of 

magnitude, based on analytical and simulation results. However, previous work 

concentrated around a simple channel model, i.e. a Gaussian channel. Furthermore, this 

design requires that the energies of the signals are known to the receiver in advance. Both 

of the above restrictions are not realistic in a practical wireless system. A more realistic 

scenario would involve a fading channel with multipath propagation, and no prior 

knowledge of the users’s transmitted powers. One of these concerns, multipath 

propagation, can be addressed by the use of a RAKE receiver, which is described next. 
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3.4 RAKE Receiver 

Multipath has historically been identified as the most important factor limiting mobile and 

portable radio communications [Rap89]. In a realistic mobile environment transmitted 

signals might undergo several reflections and scatterings due to obstacles along the 

propagation path. The multipath components suffer from amplitude fluctuations, phase 

shifts and arrive at the receiver at arbitrary delays. In a conventional single user receiver 

detection is accomplished by isolating a single component and extracting the data from 

that component only [Purs87]. However, another receiver design, the RAKE receiver first 

introduced by Price and Green [Pri58], combines the energy included in the other 

components to extract the information. It should be noted, that if there is a strong direct 

signal arriving at the receiver at all times (i.e. as in a line-of-site conditions) then the use 

of a single path receiver is acceptable and adequate. Since in a mobile environment 

however these conditions are not met, a RAKE receiver can provide significant 

performance improvement. 

In wideband signaling the duration of the transmitted symbol is small relative to the delay 

induced by the channel. While this phenomenon is responsible for intersymbol 

interference (which limits the data rate of narrowband systems), it also provides an 

inherent time diversity which can be exploited by the RAKE receiver. A RAKE receiver 

consists of M correlation receivers each attempting to track a different delayed version of 

the transmitted signal. Assume that a transmitted signal suffers multipath fading, and that 

a 2-finger RAKE receiver is used to capture 2 components. We can assume that the first 

component arrives at t, = 0 and the second at t,. The first component is extracted by 

correlating the signature sequence with the received signal at the first finger of the 

receiver. This operation is identical to the detection of a single path signal and it was 

described in Chapter 2. To extract the second component we allow the correlation receiver 

at the second finger of the RAKE to align with the received signal at time delay t, . This 

will result in a strong correlation peak, indicating the presence of a the second multipath 

component. The same operation can be repeated for any number of branches if it is desired 

to demodulate more multipath components. 

The number of correlators in a RAKE receiver is limited by cost, complexity and size of 

the receiving unit. A RAKE receiver with more correlating branches takes better 

advantage of the energy contained in the multipath components. A large number of 

branches is not always desirable since the amplitude of the multipath components tends to 
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be insignificantly small as the delay time increases. The inclusion of these late arriving 

components can be of very little significance. It is important therefore that the number of 

correlators in a RAKE receiver is determined with the communications environment in 

mind. In an urban environment where the scattering phenomenon is more acute, a four or 

five finger-receiver can be justified. In an open space propagation medium however this 

receiver could be as effective as a single or two finger detector. In QUALCOMM’s 

cellular proposal, the base station uses a four-finger receiver (each RAKE has 4 

correlation receivers) whereas the mobiles use a receiver with three correlators [Qual92]. 

The detected components of the arriving signals must be combined in some way that 

extracts the most out of the information contained in the multipaths. Thus the decision 

estimates from each correlator are weighted by a weighting function before they are 

combined. There are many ways of weighting the component estimates [Cam9, Pat93, 

Str94], but ultimately all methods lead to a common goal: to increase the contribution of 

the strongest statistic to the overall decision. For example, if the first component is in deep 

fade, then its contribution to the overall statistic will be small compared to the 

contribution of a stronger component that arrived after a delay t. This is due to the fact 

that a strong correlation peak most likely indicates the presence of a desired signal, thus it 

is necessary to place more confidence on this statistic. A small correlation product, 

however, is weighted less to reduce the probability of making a faulty decision. 

The discrimination of the multipath components is based on the autocorrelation properties 

of the spreading sequences. This characteristic is termed by Pursley [Pur87] as the “anti- 

multipath capability” of the receiver. On the other hand the discrimination of a desired 

signal against multiaccess interference relies on the cross-correlation properties of the 

signature codes. We see once more that the role of the PN sequences in spread spectrum 

systems is critical. 

From the previous discussion a practical problem arises in a system in which both 

multipath and multiaccess interference are present. How does one know whether a small 

correlation peak indicates the presence of a component under fading (which is desired) or 

an interfering waveform possibly from another subscriber. For an evaluation of the 

performance of a RAKE receiver in a multipath, multiaccess interference environment, 

the interested reader is referred to [Pur81]. 

As mentioned above the multipath capability of the RAKE receiver is related to the 

  

Chapter 3 - Interference in CDMA Systems Page 34



A Multistage RAKE Receiver for CDMA Systems Stavros Striglis 
  

  

      
  

  

  

          
  

    

correlator 

| > 1 (x) 

Ww 

r(t) correlator OD Zz | decision] b 

2 circuit . 

W2 

correlator 

—> (x)       

We 

Figure 3.5 - RAKE receiver 

autocorrelation properties of the chip sequences. Ideally, the correlation of a chip 

sequence with a shifted version of itself is very small, if the shift is greater than one chip. 

If we examine this property in the light of the RAKE receiver we see that if the ma 

component arrives with a delay larger than one chip from the previous multipath, then any 

correlator other than the m'? will produce small peaks indicating the absence of a desired 

component. Only the m™ receiver will correlate strongly with the incoming signal, since it 

is time aligned within one chip to the received m™ component of the desired signal. This 
argument assumes good synchronization schemes which are not examined here. If a 

multipath component of the signal arrives at the receiver with a delay smaller than 7, 

(i.e., one chip duration), the RAKE receiver will not be able to resolve it. The correlation 

receivers are “tuned” to detect components with delay greater than 7, because this is how 

the autocorrelation property can be exploited. If the components arrive earlier than this 

time, then the correlators fail to detect and the information is lost. In outdoor 

environments, the delays observed are generally larger than the chip periods used in 

practical systems. Thus the RAKE receiver can resolve most of the reflected components. 

For delays larger than 7, the mh component is rejected by all but the m® receiver because 
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the correlation result is insignificantly low. In this case it is due to the partial auto- 

correlation properties of these codes that the m'h multipath will be rejected. The partial 

auto correlations must be significantly small to avoid faulty component estimation. While 

this represents an ideal scenario, it does imply that in practical systems the PN sequences 

must be carefully designed. 

3.5 Chapter Summary 

In this chapter, we have presented a model for a CDMA system with multiple access 

interference. We have discussed alternative interference rejection schemes and identified 

multistage interference cancelation as a promising technique for use at the base station of 

a cellular system. We have also discussed how a RAKE receiver may be used to obtain 

robust demodulation of spread spectrum signals in the presence of multipath propagation. 

In the next chapter, we propose a multistage RAKE receiver design to achieve interference 

rejection under realistic propagation conditions. 
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4. Multistage RAKE Receiver 

In this section we develop a mathematical model of a multistage RAKE receiver. This 

design implements a multistage receiver which is able to function in the presence of 

unknown and time-varying propagation conditions. The idea of multistage interference 

rejection and of the RAKE receiver were presented in sections 3.3.1.2 and 3.4 

respectively. Also in this chapter we discuss issues associated with the software that was 

developed to simulate the multistage RAKE receiver. 

4.1 Receiver Description 

The multistage receiver that was discussed in the previous chapter suffered from one 

major drawback: it was designed to work in simple channel conditions (i.e., a Gaussian 

channel) which is seldom encountered in reality. Furthermore, the receiver needed to 

know the signal energies in advance in order to function. The other receiver design 

discussed was the RAKE receiver, which provides performance improvement in more 

realistic channels that suffer from multipath fading. However, the RAKE receiver has 

lower capacity and is not immune to near-far effects [Cam93a, Li93b]. Therefore, the 

multistage RAKE combines the advantages of both receiver designs. Here we propose a 

receiver that can be considered an extension of the multistage detector of [Var90] which 

employs a RAKE receiver to form an estimate of the channel impulse response. This 

receiver forms iterative estimates of both the channel impulse response and the 

transmitted data, with no prior information about the channel conditions. 

The following analysis applies to the reverse link in which each user’s signal has a distinct 

and independent channel impulse response. The forward channel is a special case of this 

analysis, in which all users are synchronous and experience the same channel impulse 

response. 

We consider a BPSK direct sequence spread spectrum system with K users sharing the 

same spectrum in an asynchronous fashion. Each user k transmits a spread spectrum signal 

which can be represented by 

s,()= ,p2P, b, (1) a, (1) cos (w,t + 6,) , (4.1) 
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where P, is the signal power, b,(t) is the binary data signal, a,(t) is the signature 

signal, w, is the carrier frequency and 9, is the phase for user k (independent for every 

user). These parameters are described in detail in Chapter 3. We are seeking an expression 

of the signal that arrives at the base station. To simplify the following expressions we will 

employ complex envelope notation. 

Expressing (4.1) in its complex envelope form, s,(t) equals: 

5, (0) = Re {,[2P,a,(t) b, (2) [cos (4) +jsin (6) 16 °"} (4.2) 

= Re[3, (t) ee] 

In (4.2), 5,(¢) is the complex baseband representation of the transmitted signal s, (t) 

and it is equal to 

5, (0) = ,P2P,a, (2) b, (2) [cos (4,) + isin (6,)]- (4.3) 

Each signal is transmitted over the channel and arrives at the receiver after an arbitrary 

delay. Since each user transmits from a distinct location the channel is independent for 

each transmitted signal. Random and complicated radio propagation channels can be 

characterized using the impulse response approach: at each point in a three-dimensional 

environment, the channel is modeled as a linear filter with a complex-valued lowpass 

equivalent impulse response which can be expressed as 

L, 

y(t) = Voy B(t-%& ) eM! (4.4) 
f=l 

where L, is the number of multipath components of the 2 channel, and Oy is the 

amplitude, t, , the delay and w, , the phase of the fa component of the k user. Finally, 

3(-) denotes the Dirac delta function. In practice each of the multipath parameters vary 

with time. The previous model was first suggested by Turin [Tur72] to describe multipath 

fading channels and has been used extensively because it provides a consistent model for 

characterizing and simulating the mobile radio channel. 

The transmission of the signal 5,(7) through the filter h,() is equivalent to the 

convolution of the signal with the impulse response of the channel. Thus from (4.1) and 

(4.2) we express the signal that arrives at the receiver as 
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K 

F() =A) +57 5H (45) 
k=1 

where (*) symbolizes convolution of two sequences and the (~) indicates a complex 

baseband equivalent process. The above equation shows that the received signal is the 

summation of transmitted signals attenuated by the channel, plus the complex baseband 

  

109 a 
      

  (7) 
2M h, (t) ; 

      

° n(t) 

s() h, (2) 
  

      

Figure 4.1 - General channel model 

noise process 7 (¢) . The noise term follows from 

n(t) = Re[a(t)e] , (4.6) 

which is an expression of the additive white Gaussian noise, with two-sided power 

spectral density S,(f) = N,/2. Expanding (4.5) and substituting from (4.1) we arrive at 

the following expression which describes the received signal in baseband form: 

Kk 
F(t) =A(0) +30 DePaeal'-%,0 by (t-te | (4.7) 

In (4.7), 6 kim o,+ W,,, describes the phase of the ® user’s fD multipath component at 

the receiver. Here it is shown that individual components of each user, are summed 

according to their delays to one composite signal. We can then assume, that each 

component can be considered as an additional interferer in the system. 

  

Chapter 4 - Multistage RAKE Receiver Page 39



A Multistage RAKE Receiver for COMA Systems Stavros Striglis 
  

From (4.7) we easily obtain the bandpass form of the received signal, which is equal to 

r(t) = Re[7 (1) e**] (4.8) 

K L, 
1 

= n(t) +5 > YH ef2P 0g (t- HD Og (t- %, cos (w,t+ 0; ,) 

k=li=] 

Figure 4.1 illustrates the basic framework of this channel model. 

To exploit the presence of multipaths in the arriving signals we employ a RAKE receiver 

at the base station. Specifically, we consider K RAKE detectors each consisting of M 

branches. The m™ branch is a conventional correlation receiver that locks onto the 

strongest multipath component arriving at the receiver. The output of each branch z Kl is 

an estimate of a multipath component which must be weighted before it is combined with 

other estimates to obtain the final decision statistic z, . The structure of the 4D RAKE 
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Figure 4.2 - RAKE receiver design used in simulation 
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receiver is shown in Figure 4.2 in which the index /() refers to the / strongest 

component locked by the m™ correlator. In the figure shown we see that the decision 
estimates are multiplied by the weighting function w, ,,, which is used to reinforce the 

contribution of the strongest component in the overall statistic z, . As discussed in Chapter 

3, there are different expressions that can be assigned to the weighting function in the 

RAKE. In this study we let w, ,, = |z; ,,| which approximates maximal ratio combining. 

From the figure we see that besides the statistic z km that is obtained from the correlator, 

we can obtain the delay Te pe) and phase 0 KI: These parameters are obtained by the 

synchronization circuits of the receiver which we assume can provide accurate results. 

These parameters are used for the estimation of the channel impulse response needed for 

the next stage of demodulation. Notice that acquisition of delay and phase is not a 

theoretical speculation but a given fact since, RAKE receivers in practical systems today 

operate under these conditions. 

To obtain an expression of the decision statistic z, ,, from the m® correlator we utilize 

Figure 4.3: 

t +T 
nim” 

Zem= J r(t) cos{ at + 0. yon aul - , >} dt (4.9) 

t 
‘ po 

which after substituting for the received signal (from ) leads to 

toatl k ly 

1 
Zam = | [: (t) + 2 De [2P poy ap (t- Tp ) by (t- Ty ) (4.10) 

x cos (Wf + Op p |ox (@,t+ 0, hm) &, (t - Te; pom) dt 

where k’ is the user index varying from 1 to K. The above expression can be separated into 

the following components 

L, k L, 

Zem = &+A+t y; Tet y ye: (4.11) 

l= 1 ge '*} 

bei Rek 
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Figure 4.3 - Structure of the m™ branch of RAKE receiver 

where & is the contribution of the Gaussian noise n(#) with mean m, = 0 and variance 

O;= NoT/4 and is equal to 

t +T 
1 

E= | n(t)a,(t- Tt; jm) COS (Wt + 0, i) Gt . (4.12) 

% 
k om 

The term A describes the contribution of the desired component to the overall decision 

statistic. From [Leh89], A is equal to 

t +T 

1 
A= f 5 2P.a, poe CF — Te pom) Dy (EF - Ty pm) COS (Wt + By 10m) (4.13) 

ro 

which is obtained by setting k’ = k. Notice that after integrating this expression over the 

specified interval, the term b, (t-; jm) yields bi which is the expression of the i® bit. 

Thus A becomes 

A= [Fg wb (4.14) 

The interference imposed on the component decision statistic consists of other multipath 

components of the same user and also from all arriving multipaths from other users. Thus 
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in (4.11) interference originating from the same user can be expressed as 

k 

t +T k. 1m 

x f a, (t-% Jd, (t- % Pay (t- % poo) At, 

t ni 

where /, , is the interference caused by the pa multipath component of the desired user’s 

signal, that is k = k and 1#1() , Similarly, we can obtain the fourth term appearing in 

(4.11): 

Rk 

7 o +T 

11 

Equation (4.16) expresses the interference caused by the fh arriving component of the k’ 

interferer, thatis k #k. 

Having derived the expressions of the individual decision statistics obtained by each of the 

m branches of the RAKE receiver, we can now formulate the overall statistic obtained 

from the k receiver: 

M M 

Zz, = y, "i m7km = y, 24, mk, m? (4.17) 

m= 1 m=z | 

where w,,, describes the weighting function corresponding to the m®™ multipath 

component, and which here we define as the absolute value of the decision statistic. 

Equation (4.17) demonstrates that the decision statistic is the sum of all the component 

statistics scaled by the appropriate weight. If one component is severely faded, the 

receiver can extract the information from another component which may be stronger. 
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Finally, from the estimate z, we determine the bit estimate by the following condition 

a 1 if z,20 
bi = ; (4.18) 

-1 if z,<0 

where bi refers to the i symbol estimate of the K® user, obtained in the first stage of 

demodulation. Since the previous expressions apply to a conventional one-stage 

demodulator, it is expected that the bit estimate would be as good as the channel 

conditions permit. If there is a severe near-far problem in the system, the bit error rate of 

the above system would be high, due to excessive interference from other users expressed 

by the variable J, , in (4.11). In this case, the larger the power P, of the user k’, the 

larger would be the interference imposed to the decision statistic z km 88 Shown in (4.11). 

The bit estimate obtained from the correlation receiver is used to reconstruct the 

transmitted signal of the i» user, 5, (t) . However, in order for the multistage receiver to 

perform effectively in the time varying multipath channels, it must simultaneously extract 

the channel characteristics, ic amplitude, delay and phase. We can then reconvolve 3 kK) 

with the channel estimate to obtain a new version of the received signal. Although the bit 

estimate can be obtained directly from the decision statistic z,, the delay and phase of 

each multipath component can be estimated by the RAKE synchronization circuit. 

However, these estimates reflect quantities that include characteristics of both the 

transmitted signal and the channel impulse response combined. This will become useful 

for the following arguments. 

Let 3,(t) be the reconstructed signal of the k user, obtained using the bit estimate bi . 

Also let us call A, (1) the channel impulse response estimate of the k® user. Then if 

convolve $,(t) with hy (t) we obtain an estimate of the ” received signal which we 

denote 9, (t) : 

§,(t) = 3, (2) *hy() (4.19) 

Notice in the above expression that the noise term is missing, since the new signal is not 

transmitted over the airwaves but is processed in a well-controlled and contained 

environment, in which the signal is convolved with by the reconstructed impulse response. 

Expanding (4.19), we obtain 
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M-1 

m=0 

In (4.20) the variables Ty, m and 6; m Tefer to the estimates of the delay and phase of the 

md component arriving at the k™ RAKE receiver, respectively. These parameters, as 

mentioned before, are obtained by the synchronization circuits residing in the RAKE 

receiver. The term a, (t- 7%, ,,) is the PN sequence of the user which we assume that 

the receiver has an exact replica of. It is important to note here that 0; » is a composite 

angle, that is 6, m = Oc+ Wi, m- However, the receiver cannot resolve the phase 6; m 

down to its components, because it does not have knowledge of the separate phases 9, 

and Ww, ,,- However, the reconstructed signal in (4.20) requires no knowledge of the 

individual phases only their composite. Similarly, it is not possible for the receiver to 

know the power P, of each signal or the amplitude a, ,,,of the channel impulse response 

and carriers. However, from the decision estimate we can estimate the product of the two 

quantities, and use this estimate to reconstruct the transmitted signal. From the above 

argument we can justify that (4.20) could equivalently be obtained from the convolution 

of 

3,(2) = 2P, Y by ; Pp(t - iT) a, (2) cos{ @,1+ 84) (4.21) 

j= —00 

with the estimate of the channel impulse response 

M-1 2a 

ie) = Gy b(t- tee” (4.22) 
m=z 0 

(as shown in (4.19)) if we had estimates of the individual parameters 9,, Vim P,, and 

Ot, m- In (4.20), the product ,/P,4, ,, is obtained from the decision estimate by 

Zp mv2 [Pedy = (4.23) 

Having an exact expression for the reconstructed received signal, we can now proceed to 

interference subtraction. 

Each signal after the first receiver contains residual interference from other users, due to 

problems such as synchronization, dissimilar signal powers and other deficiencies 

described in Chapter 3. However, these interfering contributions can be used 
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constructively since we have estimates of the individual received signals. Thus, having an 

approximate knowledge of all k transmissions at the receiver, we can obtain a better 

estimate for user k, if we subtract all other k-1 signals from the overall received signal. 

This is described by the following: 

K 

7.) =r(- YS rp (4.24) 
k=l 

kek 

Shown in (4.24), r, (t) expresses the estimate of the received signal of the k® user after 

subtracting all other estimates from the received signal r(t) . The above procedure 

constitutes the first stage of the multistage RAKE receiver and it is shown in Figure 4.4 

below. 
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Figure 4.4 - Illustration of first stage of the multistage RAKE receiver 

In Figure 4.4 we see that the first user’s received signal 7, (t) is estimated by subtracting 

from r(t) all other estimates }, (7), 9, (¢) ...5, (0) . The estimates ?,(¢) of other users 

are obtained in a similar fashion. Therefore, the goal of this stage is not only to obtain the 

first bit estimates, but also to separate the received signal r(t) into its components. By 

doing so, we break the multiple access interference down to known quantities which can 
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be manipulated to our advantage. 

Each estimate r, ,(¢) , is an approximation of the received signal that corresponds to user K. 

Since each estimate, is isolated from its interferers we now use a RAKE receiver in order 

to extract the multipath components. Thus by feeding r, (t) to a RAKE receiver for a 

second time we obtain another estimate of the transmitted bit sequence and the channel 

impulse response, which are better than those obtained from the previous stage. This is 

illustrated in Figure 4.5 where bg and fg are the bit and channel approximations of the 
second stage. The second stage provides better estimates of the individual received signals 
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Figure 4.5 - Second stage of the multistage RAKE receiver 

(denoted as P(t) ), which in turn can be used as inputs to another bank of RAKE 

receivers to obtain another set of bit and channel estimates. This estimation and 

subtraction procedure can be repeated as many times as necessary to obtain successively 

better estimates of the data and the channel. 

4.2 Simulation Approach 

This thesis examines the performance of the multistage RAKE receiver using a Monte 

Carlo simulation approach. The simulator is built to emulate a generic CDMA network. 
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We implement a system which consists of a transmitter, channel and receiver. In this 

section we describe the software implementation of system components, and discuss 

assumptions and conventions that we used for this work. 

4.2.1 Transmitter Implementation 

The simulation is conducted in the baseband domain. In this format the signals are 

represented by their equivalent low-pass forms, and this is generally the preferred 

technique because it eliminates the need to simulate high frequency components. Based on 

(4.3) we can separate the transmitted signal into its real and imaginary parts. Thus 

Re {5,()} = f2P,a, (1) b, (2) cos ($,) = 5, ,(2) (4.25) 

is the real or the in-phase component, and 

Im{5,()} = [2P,a, (1) b, (2) sin (6,) = 5g , (0) (4.26) 

is the imaginary or quadrature component of the baseband signal. The transmitted signals 

are implemented as shown in the above expressions. The data bits are generated randomly, 

and each bit is spread by a random PN sequence of length 31. Thus the processing gain 

throughout this simulation is fixed atN = 31. 

The simulation is conducted in a packet by packet fashion, in which a fixed number of 

data bits is generated for each user, and is transmitted over the channel. Each time the 

packet of data bits is transmitted and convolved with channel, and eventually received and 

processed by the multistage RAKE receiver. The number of errors are accumulated until a 

predefined confidence level is met. 

The PN sequence is different for each packet of data bits, as is the phase @, which is a 

random variable uniformly distributed in the interval [0, 27). Although all the signals are 

transmitted simultaneously in the simulation, the delay of transmission t, is represented 

by the delay introduced by the channel. 

In an actual system the transmitted signals are continuous functions. In the simulation 

however, data symbols must be represented in a discrete time format. We sample each 

chip interval by a fixed number of samples as shown in Figure 4.6. The number of samples 

throughout the simulation is kept at N, = 4. More samples would provide more 
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resolution in representing time delays; however, that would increase the computational 

and ea demands beyond the limit of our available resources. 

PTAA FTE 
samotce/ —| T }+— << T—~ 

Figure 4.6 - Dlustration of chip sampling used in simulation 

  

4.2.2 Channel Implementation 

As was described in section 4.1 the channel is modeled after [Tur72] as shown in Equation 

(4.4). The same expression can be written as 

L, 

ho) = y; a, p(t- Te, ) [cos (W; ) +jsin (Wy, D1) (4.27) 
1 

which is the quadrature form of h, (t) . After multiplying, the above expression can be 

separated into its in-phase and quadrature parts where, 

L, 

hy, = > a, j0(t- % ;) cos (Ww, p (4.28) 

f=] 

is the in-phase and 

L, 

ho 4) = » a, jo(t- 7 p sin (Wy, Dp (4.29) 

i=l 

is the quadrature component of the channel impulse response. To obtain the received 

signal we convolve the transmitted signal of (4.3) with the channel of (4.4), and add the 

noise term 7 (t) . The result is expressed by 

F(t) =a() +5 15 Fa, af 2P ay (t - t ) B, (t- t ) ee! (4.30) 
2, =ll= 

which in turn can be expressed by its in-phase and quadrature components. Thus 
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kK L, 

7,(t) = ii, (2) +5 y. YP oe, 4 (6 tp. ) by (t- Tp) cos (8; ) (4.31) 
kell=l 

where 7,(t) is the in-phase component of the received signal and n,(t) is the in-phase 

component of the additive noise process. Similarly, 

k 

Fo(t) = fig (2) +5 y Y PP ty te t ) by (t-%; ) sin(®, ) (4.32) 
k=eli=zl 

where TQ (t) is the quadrature component of the received signal and 7 Q (t) is the 

quadrature component of the additive noise process. Thus in the simulation the received 

signals are implemented using Equations (4.30) and (4.32). As mentioned earlier, 0, , is 

the phase composed of $, and Wir 

In the simulation each user is assigned a different channel impulse response, which is also 

different for every packet of data bits. Thus, the conditions in the channel vary 

continuously, and no two channel characteristics are the same. Moreover, the channel also 

changes within a packet. However, it changes slowly relative to the bit rate, and thus it is 

considered static for each data bit. The rate of change can be adjusted however, depending 

on the channel model. The user to be demodulated is assumed to be the first user and thus 

all signal delays are with reference to its first component. The delays introduced to the 

transmitted signals, are random and uniformly distributed. Figure 4.7 illustrates the 

relative delays among the multipath components, where by represents the i bit of the 

f multipath in the kK user’s signal. The delay of the first component of each user varies 

from zero to one bit relative to the first component of the reference user. For each user, 

each multipath component is assigned a delay T,, ;» Which is at least 1 chip and at most 1 

bit, relative to the first component. This gives the RAKE receiver the capability to resolve 

the multipath components. A two-ray model based on the Rayleigh fading measurements 

presented in [Rap90] is frequently used for the simulations, but the performance of the 

receiver in the presence of more multipaths is also examined. 
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Figure 4.7 - Relative bit delays of a system with k users and 1 = 2 
multipath components 

4.2.3 White Gaussian Noise Implementation 

As was shown in Figure 4.1, each transmitted signal is distorted by the channel. All the 

distorted transmissions are combined, and white Gaussian noise is added to the resulting 

signal. The two-sided power spectral density of the noise is constant and equals N)/2 

over all spectrum of frequencies. In a system simulation the effect of the noise onto the 

signal can be examined by using two methods: one is to vary the power of the transmitted 

signals with respect to the noise and the other method is to vary the noise while keeping 

the power of the transmitted signals constant. In this work we follow the second approach, 

by adjusting the noise energy relative to the bit energy. This has a direct effect on the ratio 

E,/N, which when varied over a range of values it emulates an environment with 

different levels of noise. 

We compute the variance of noise samples in our simulation as follows [Sha80]: For a 

system with sample duration T, , the bandwidth of the noise is given by 

B=. (4.33) 

  

Chapter 4 - Multistage RAKE Receiver Page 51



A Multistage RAKE Receiver for CDMA Systems Stavros Striglis 
  

If the noise has two sided power spectral density N)/2, and noise bandwidth B,, then 

each sample has noise power given by 

o =NB (4.34) 

Substituting (4.33) into (4.34), we obtain 

> (4.35) oO ~ OT. 

In our simulation there are N chips per bit and each chip is represented by N, samples. 

Therefore, we may write that 

T, = NT, = NN,T, . (4.36) 

Substituting (4.36) into (4.35), we now have 

2_ NNN, 
aT, (4.37) oO   

Finally, we note that we have normalized signal power P = 1. Therefore, we can write 

2 NNN, NN, 
2PT,  2(E,/N,) | 
  o (4.38) 

The above expression gives us the means of controlling the power of noise samples by 

adjusting the ratio E,/N,,. In the simulation, noise samples are generated independently 

for both the in-phase and quadrature components, each sample having zero mean and 

variance that is specified in (4.38). 

4.2.4 Receiver Implementation 

The receiver was designed to process the I and Q channels independently. The two 

components of the received signal which are described by (4.30) and (4.32) are correlated 

with a replica of the PN sequence of a particular user, to obtain the decision statistic of the 

transmitted bit. Before this operation takes place, the received signal is multiplied with the 

oscillator signal cos| w,¢ + 0 , as shown in (4.9). Let us call x(t) the result of this 

y 
Ki 

multiplication which is expressed 

Xp (4) = r(t) cos (@,t+ 0, p (4.39) 
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where we let 1 =] for ease of notation. To find a baseband equivalent of this signal 

we proceed as before in the case of the transmitted signal. Thus 

x (0) = Re{ [7,() +iFg()]e“ } Re{ [cos (8, ) +Jsin(8, le} (4.40) 

=[7, (2) cos (@,t) - Fg (2) sin (@,£) }Icos (8, ,) cos (w,t) -sin (8, ;) sin(w,t) ] 

o,! 
which is after setting é = cos (w,t) +jsin(@,t) and keeping the real components. 

After multiplying and collecting terms we obtain 

x, (4) = T,(t) cos (w,t) [cos (wt + 0, d1- ro (t) sin (@,2) [cos (@,t + 0, ) 14.41) 

Finally, using the identity cos (a) cos (b) = ; [cos (a+b) + cos (a-—b)] and ignoring 

double frequency terms we obtain 

xp1(1) = 5F,(2) cos (0, ) +579 (0) sin (8, ) (4.42) 

This result is multiplied with the PN sequence to obtain the final z, ,, decision estimate. 

Thus the estimate is expressed by 

% +7 

Zam = [ %1((t-%,) at (4.43) 
1 

‘ett ‘tT 

= | 511 (2) cos (8, )a,(t-% dt+ | 5a (#) sin (8; ) a, (¢- % ) at 

Tht Tet 

Equation (4.43) expresses the estimate z, ,, of the i user appearing at the m" branch of 

the RAKE receiver in its in-phase and quadrature components. It is used by the simulator 

to evaluate the multipath strength and its value is weighted and combined with the other 

multipath estimates to obtain the overall decision statistic for the bit under demodulation. 

In the implementation of the receiver we assume that the receiver obtains an exact 

estimate of the phase 0, , and has a knowledge of the delays of the multipaths that arrive 
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at the base station. Although, in this simulation we assume perfect knowledge of the two 

quantities, in reality these estimates are supplied by the synchronization circuits of the 

RAKE receiver, and their accuracy to the real values might be not be perfect. In this work, 

the phase and delay of the components are supplied to the receiver via a separate channel 

free of noise and other deficiencies. Although the primary receiver structure used in this 

simulation is the RAKE receiver, we also use a simple correlation receiver for comparison 

purposes. This is accomplished by just specifying the number of multipaths generated by 

the channel, and adjusting the number of branches accordingly. 

The receiver has no knowledge of the transmitted powers, and the only estimate that can 

be evaluated is the product Pye, m + in the system the power variations of the arriving 

signals are due to dissimilar transmitting powers at the mobiles and imperfect power 

control applied by the base station onto the remote unit. The second phenomenon has been 

shown to have a lognormal] distribution, which is implemented in the simulator. 

4.3 Chapter Summary 

In this chapter, we have introduced a mathematical description of a multistage RAKE 

receiver designed to implement a multistage detection algorithm on a practical mobile 

channel. The next chapter presents results of simulation using a range of channel models. 
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5. Simulation Results 

In this chapter we present simulation results for the multistage RAKE receiver. The 

performance of the receiver is examined by evaluating the bit error rate (BER) of the 

system under different conditions. These conditions include unequal transmitted powers, 

imperfect power control, and multipath propagation. The BER is examined for different 

numbers of simultaneous users, to emulate environments with variable interference. 

Most of the results focus on a two-ray model but the effect on the performance of more 

than two rays is also examined. The processing gain throughout the trials is kept at N=31 

and the chip sampling is kept constant at N,=4. The bit error rate is detected by comparing 

the processed bits at the receiver with an exact replica of the transmitted bits. 

The performance of the receiver is also examined in the light of capacity improvement 

that it offers to the system. Also, the interference rejection is evaluated and presented in 

order to provide an overall performance assessment of the proposed design. Although in 

this work the results are presented for a two-stage receiver, the same design can be 

extended to accommodate more stages of interference cancellation. 

5.1 Performance in Additive Gaussian Noise Environment 

The receiver is first evaluated under simple channel conditions that include the distortion 

of the signal due to addition of white Gaussian noise. Figure 5.1 shows the probability of 

bit error under a variable E,/N, for K = 2 and K = 7 simultaneous users. It also shows 

the bit error rate of one user in a theoretical BPSK system for comparison. In this case a 

RAKE receiver is not used since it is assumed that the channel does not introduce any 

multipath components. Consequently, these results reflect the performance of interference 

cancellation in a series of conventional receivers. 

As shown, the probability of error curve for K = 7 users at the second stage of the 

receiver is very close to the curve representing K = 2 users. Specifically, at a bit error 

rate of 10~* the performance of a two-stage receiver with K = 7 is superior to the 

performance of a single stage with K = 2 users. Furthermore, both curves representing 

the two-stage results are almost comparable to the single user line which is the theoretical 

limit of a BPSK system in a Gaussian channel. Thus the interference rejection scheme 
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brings the multiuser performance close to the single user performance. Notice that the 

difference is more evident in the K = 7 case. This is due to the fact that in this case there 

is more interference in the system which the detector estimates and rejects successfully. In 

the case of K = 2, however, the system is only “lightly” loaded with interference 

therefore the difference in performance is not as great. 

Figure 5.2 illustrates the performance of the two-stage receiver under much heavier 

interference. Here, the cases of 15 and 20 simultaneous users are plotted. Again, as in the 

previous figure, it is shown that the cancellation algorithm has neutralized a considerable 

amount of interference, and provides a much lower BER after only two stages. Also notice 

in this figure that a two stage receiver with 20 simultaneous users surpasses a single stage 

receiver with 15 users. 

Observing carefully the results of both Figures 5.1 and 5.2 we can also notice that the BER 

curves of second stage of 15 and 20 users lie below the 7-user curve of stage one. This 

indicates that even 15 or 20 users impose less total interference on the two-stage receiver 

than 7 users on a conventional single stage approach. Therefore, interference rejection 

which is accomplished with limited computational complexity, provides a considerable 

enhancement in the bit error rate which in turn translates directly into capacity increase in 

the total system. 

A typical BER requirement for voice communication in a mobile environment is 10° to 

107, before the effects of error correction coding are considered.|/At these BERs, the two- 

stage RAKE can support nearly three times as many users as the single stage RAKE 

receivers. This twofold to threefold capacity improvement will hold across all of the 

channel models considered in this thesis. 
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Figure 5.1 - Probability of Error of a two-stage receiver for K=2 and 

K=7 users in a AWGN channel 
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Figure 5.2 - Probability of Error of a two-stage receiver for K=15 and 
=20 users in a AWGN channel 
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5.2 Performance in Multipath Environment 

In the previous section we examined the effectiveness of the multistage receiver in a 

simple Gaussian channel. However, very seldom we encounter such simple channel in real 

systems. Multipath components are generated by various obstacles in the propagation path 

which scatter the transmitted signal in multiple versions. In this section we present results 

demonstrating the performance of the multistage RAKE receiver in a multipath channel. 

The channel used for this part is the two-ray model discussed in Chapter’4. In this case, 

there are two components for each signal and the RAKE receiver is used to combine the 

information in order to make a confident estimate of the transmitted signal. In the 

simulation the second component of each signal has a uniformly distributed delay relative 

to the first component of the desired user which we assume has a 0 delay. Also, in this trial 

the power of the second component is reduced by 3 dB when compared to power of the 

first component. We assume that the RAKE receiver can extract correct estimates of the 

delays associated with each multipath. 

Figure 5.3 shows the BER of the two-stage receiver in the presence of two multipath 

components. Similar to the Gaussian channel case, this figure demonstrates the 

performance improvement obtained when two stages of demodulation are used. The 

system when it is loaded with seven users exhibits low probability of error, almost 

comparable to the bit error rate observed from a system with only two users. The 

difference between the two stages is more distinct in the 7-user case, since there is more 

interference subtracted from the desired signal. 

If we observe closely Figures 5.3 and 5.1, we notice that for low E,/N, the two stage 

receiver with K = 2 and multipath actually outperforms the one user BPSK curve. The 

reason is that the RAKE receiver successfully combines the multipath components to 

produce a higher signal to noise ratio, while the multistage receiver successfully cancels 

the interference. 

Simulation results of a system loaded with 14 and 19 interferers are shown in Figure 5.4. 

The improvement accomplished is analogous to the Gaussian channel case, although the 

bit error is somewhat higher due to interference imposed to the signals by their own 

multipath components. It is however evident that 20 users in a two-stage receiver place 

less burden on the system than 15 users in a one stage receiver. 

Comparison of Figures 5.4 and 5.3 show that in the two-stage architecture the bit error rate 

  

Chapter 5 - Simulation Results Page 59



A Multistage RAKE Receiver for COMA Systems Stavros Striglis 
  

  

B
E
R
 

  

            10° sy ; 
  

Figure 5.3 - BER of a two-stage RAKE receiver for K=2 and K=7 users 
in a channel with 2 multipath components 
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Figure 5.4 - BER of a two-stage RAKE receiver for K=15 and K=20 
users in a channel with 2 multipath components 
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Figure 5.5 - BER of a two-stage RAKE receiver under imperfect power 
control for K=2 and K=7 users. Lognormal power variance: 1 dB 
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Figure 5.6 - BER of a two-stage RAKE receiver under imperfect power 
control for K=15 and K=20 users. Lognormal power variance: 1 dB 
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Figure 5.9 - Capacity improvement of a two-stage RAKE receiver in a 
multipath channel with perfect power control at E,,/N, = 10 dB 
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Figure 5.12 - Near-far performance of a two-stage RAKE receiver at 
E,/N, = 6 dB 
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obtained with 15 simultaneous users is almost comparable with the bit error obtained from 

7 users in a single correlation receiver. 

In the above results we assumed equal power of the signals at the receiver. That is, the 

power control applied to the system was perfect. However, ideal power control cannot be 

accomplished and studies have shown that in general signals arrive at the receiver with 

fluctuating power. In the QUALCOMM standard the power arriving at the receiver may 

be modeled as a lognormally distributed variable, with variance ranging from 1 to 2 dB. 

To examine the effectiveness of the multistage RAKE receiver under such conditions, we 

simulate the system with 2,7,15 and 20 users in a imperfect control environment. 

Figure 5.5 shows the bit error rate of a system with 2 and 7 users. These results were 

derived by allowing the power of each signal arriving at the receiver to vary independently 

with a lognormal! distribution with variance of 1 dB. As shown, the receiver seems to be 

resistant to power fluctuations of that magnitude. The BER of 7 users is very close to the 

BER generated by two simultaneous users in the system as found in previous cases. The 

improvement obtained from the second stage in the case of seven users load is 

approximately 2.5 dB at a bit error rate of 10°*. 

The same conditions are used to evaluate the receiver under a heavier interference as 

shown in Figure 5.6. Here, there are 15 and 20 simultaneous users in the system, in which 

the power of each user varies lognormally. The plot indicates that the receiver still 

provides satisfactory interference rejection, even in a system with 20 users. Also, we can 

see that 15 users in a conventional RAKE receiver (stage 1) produce more error than 20 

users at stage 2. 

It is interesting to compare the results obtained from Figure 5.5 and Figure 5.3. First we 

see that the lognormal plots have a higher probability of error due to the variable power 

levels at the receiver. It is also interesting to examine the penalty imposed by the imperfect 

power control in the system. If we compare the two plots (the 7-user line) we conclude 

that at a 10°~ bit error rate the penalty of having a system with imperfect power control is 

about 1.5 dB for the conventional single stage detector. The corresponding penalty for the 

two-stage is only 0.3 dB. Similar results we obtain if we examine Figures 5.4 and 5.6. 

Comparison of the 15-users curves at the 2x10” error level reveals that in stage 2 there is 

a 0.5 dB trade-off (from 4.5 to 5 dB) when the system is operated under imperfect power 

control. However, a conventional receiver would need a signal stronger by 3 dB to 
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maintain the same bit error level. This demonstrates a resistance of the two-stage RAKE 

receiver to power fluctuations which can not be eliminated even with the use of elaborate 

power control mechanisms. 

Figures 5.7 and 5.8 illustrate the performance of the receiver under imperfect power 

control with variance of 4 dB. In Figure 5.7, we see results that resemble previous cases 

but at a higher error level. The reason is that at large variance values the power 

fluctuations are high creating instantaneous near-far conditions that can lead the receiver 

into faulty decisions. This is illustrated by comparing the BER at 4 dB variance to the 

BER at 1dB variance. If we examine the plots of 5.7 and 5.5 we see that there is an offset 

of 1.5 dB (7 users at 1x10”, stage 1). This offset in a real system has as side effects 

degradation of the performance and reduction in capacity. 

Similar observations can be made for the results shown in Figure 5.8. As noted in the 

previous plots the two-stage performs better with 20 users than the one stage with 5 users 

less. The BER in this plot is high since the system is fully loaded with interference and it 

suffers from a severely ineffective power control mechanism. Even at these high error 

levels however, the improvement obtained from a two-stage demodulation can be more 

than 8 dB. 

The trade-off of an imperfect power control with 4 dB variance can be great. If we 

compare both Figures 5.7 and 5.8 with their ideal control counterparts 5.3 and 5.4 we see 

that for 7 users at BER of 1x10, stage 1 exhibits a 3 dB (from 5.7 to 8.7 dB) 

degradation, contrary to 1.2 dB exhibited by stage 2. Similarly, for 15 users the one-stage 

receiver must supply an additional 5 dB to reach an error level of 3x10, whereas the 

two-stage receiver needs only 0.7 dB. This is another interpretation of the performance 

improvement accomplished by the use of the two-stage RAKE receiver. 

The above findings are better illustrated by the capacity plots shown in Figures 5.9 and 

5.10. The results in these plots show the capacity improvement at a constant E,/N,=10 dB, 

obtained by the two-stage RAKE receiver and were derived by averaging several 

simulation outputs, and superimposing the appropriate results. 

Figure 5.9 is a plot of the bit error rate vs. the number of users for stage 1 and stage 2 of 

the receiver. From this diagram we can obtain an estimate of the capacity enhancement 

that can be achieved by using interference rejection under perfect power control. 

Observing the diagram we note that at a bit error level of io” there are approximately 8 
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additional users that can be accommodated by the proposed receiver. In such a system this 

has as a consequence that more than twice the number of channels will be available for 

use. We can also see in the diagram, that at the lower bit error rate of 10~ , the capacity 

improvement is much smaller, approximately two users. This is because at this point the 

single stage receiver is performing well due to the strong signal strength in relation to the 

noise. In other words the channel conditions at this point are already favorable to allow the 

single stage receiver to perform in a satisfactory manner and the need for a second stage 

demodulation is not as critical as it is at higher error levels. The improvement obtained by 

the second stage receiver is more distinct at higher levels of interference, where the 

interference (instead of the noise) dominates. At these levels we see that the number of 

simultaneous users can be increased greatly. 

Although Figure 5.9 provides information about the capacity improvement under perfect 

power control, it is interesting to examine the performance of the proposed design under 

imperfect control. For that we plot capacity curves for imperfect power control with 

variance 1 dB, 4 dB and also for 0 dB (ideal case) under the same axes. Figure 5.10 

illustrates the result. 

We can refer to Figure 5.10 to deduct significant information about the effectiveness of the 

two-stage RAKE receiver. First, we can estimate the capacity gain under different power 

control scenarios. As mentioned previously, at 10° the second stage design can increase 

the capacity by 8 users when the system operates under ideal power control. At the same 

error level in a system with 1 dB power variance the improvement is somewhat smaller in 

absolute terms, i.e. 6.5 users, (or a drop of 18.7%). Finally, for the 4 dB variance the gain 

in the number of users gained is 5.5 (or 31.3% less than the ideal control gain). From this 

we can conclude that significant capacity improvement is obtained from the second stage 

even under severe power fluctuations. It is also evident that the capacity improvement is a 

function of the power variance. 

It should be reminded that the performance of stage 2 is strongly dependent on the 

effectiveness of stage 1, since the latter stage will only reject whatever interference is left 

from stage 1. Therefore, if the bit error rate of the first stage is high, the bit error rate after 

the second demodulation can be also be relatively high even if a significant amount of 

interference has been subtracted. According to this argument, we interpret the drop in the 

number of users for each stage, when the transition is made from ideal to nonperfect 

power control. From Figure 5.10 we see that a transition from ideal (0 dB) to 1 dB power 
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variance causes the capacity to drop from 6 to 4.5 users (25%) for stage 1 and from 14 to 

11 users (21.4%) for stage 2. Similarly, the penalty in capacity when operating in 4 dB 

instead of 0 dB is 58.3% for stage 1 and 42.8% for stage 2. Figure 5.11 illustrates these 

and other additional results. Notice that although stage 2 suffers significant user reduction 

from the 4 dB power variance, this reduction is still less than the one observed in stage 1 

given the fact that is directly related to that first stage. The user reduction is attributed to 

the strong dependence of stage 2 on the outcomes of stage 1. 

Besides the capacity improvement, Figure 5.10 provides additional information with 

regards to the reaction of the system under heavy usage. Observing the “stage 1” curves at 

the far-right side of the figure, we note that the curves start to converge together. This 

tendency is an indication that this system is approaching a saturation point. When this 

capacity limit is reached the three curves are practically flat, and overlap at the bit error 

ceiling which in this case is represented by the 4 dB variance curve. At that point, a 

transition to 1 dB or 0 dB power variance makes almost no difference since the system is 

practically unusable due to excessive interference. 

In contrast to the stage 1 curves, the curves labeled “stage 2” do not suggest that 

convergence is imminent when loaded with 20 users. These lines are approximately 

parallel to each other, which is an indication that the system is still operating far from the 

saturation point, therefore it can accommodate additional users without the risk of 

reaching the error ceiling. It was not possible to predict how many additional users could 

be supported from stages! and 2 since the simulator could not handle more than 20 users. 

More powerful computing facilities could provide light to the question of system 

saturation, by simulating as many users as possible in order to find the maximum number 

of users of stages 1 and 2. 

Finally in this section we examine the near-far resistance performance of the two-stage 

RAKE receiver. In this scenario, we allow two users in the system and we keep the desired 

subscriber at a constant signal to noise ratio of 6 dB. At the same time we let the 

interferer’s power vary relative to the desired user’s power as indicated by the horizontal 

axis of Figure 5.12. The plot indicates that the two stages perform equally when the 

desired signal is strong relative to the interference. This however changes when the 

interference power starts to become equal or stronger than the desired signal. After a 

certain point we see that stage 1 is responding negatively to the increase of the power 

ratio, fact that indicates the sensitivity of a conventional receiver to near-far conditions. 
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Contrary to stage 1, the two-stage receiver exhibits a significant resistance to strong 

interfering signals. Observing at the lower curve we see that it remains relatively flat even 

when the interferer is stronger by 10 dB. After that point the bit error rate increases but not 

as fast as the upper curve of stage 1. Note, that ideally the “stage 2” line, would remain fiat 

throughout the whole range of power values, indicating a perfect near-far resistance. This 

however, is not possible without a perfect knowledge of the channel attributes. Thus, the 

slope exhibited by this curve is an indication of how well the receiver estimates and 

utilizes the propagation characteristics. 

5.3 Performance in Multipath Rayleigh Environment 

We now present results that illustrate the performance of the two-stage RAKE receiver in 

a Rayleigh fading channel. The channel implemented is based on the two-ray model 

described in chapter 4. In this model the multipath components generated by the 

propagation channel are represented by two rays arriving at the receiver at arbitrary delays 

with amplitude approximated by a Rayleigh distribution. Although the two-ray is 

generally accepted model in the mobile environment, we examine the performance of the 

receiver under a three-ray channel as well. The values used for the multipath components 

are based on [Rap90]. In the two-ray model the first component has mean amplitude of 

one and the second component has amplitude of 0.30. Since Rayleigh is considered a 

harsh environment the bit error rate is plotted for a larger range of E,/N, to illustrate better 

the performance of the receiver at stronger signal values. 

Figure 5.13 shows the bit error rate of the two-stage RAKE receiver for 2 and 7 users. In 

the figure we can recognize the familiar pattern of the 7-user second-stage curve 

outperforming the conventional one-stage receiver which operates with only 2 users. The 

obvious difference however is that the channel here is more hostile for the transmitted 

signals and thus there is a need for more power in order for the system to reach acceptable 

bit error rate levels. In this figure we see that at 10 dB the BER is much higher than the 

error in other equivalent cases as those shown in Figures 5.3, 5.5 and 5.7 (lognormal 

channels). 

Figure 5.14 shows the performance of the receiver under the same channel conditions but 

with much higher interference of 15 and 20 users. This case represents one of the harshest 

conditions in the mobile environment. The system is loaded with interferers each 
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Figure 5.19 - Capacity improvement of a two-stage RAKE receiver in 

Rayleigh channel at E,/N,=20 dB (3 rays) 
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Figure 5.20 - Near-far resistance of a two-stage RAKE receiver in 

Rayleigh channel (3 rays) at E,/N, = 10 dB 
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Figure 5.21 - BER of a two-stage RAKE receiver (2 branches) in a 

Rayleigh channel with 2 and 3 multipath components and K=7 users 
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Figure 5.22 - BER of a two-stage RAKE receiver (2 branches) in a 

Rayleigh channel with 2 and 3 multipath components and K=15 users 
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transmitting at different signal levels and without any time synchronization. The signal 

arriving at the receiver is a combination not only of these different transmissions, but also 

a combination of the multipath components of each signal, generated by the scattering 

obstacles in the propagation path. These multipath components undergo amplitude and 

phase fluctuations which vary with time and space thus creating a dynamic channel which 

is difficult to simulate accurately. In the two-ray model adopted here only the first two 

atriving multipath components are assumed to be of importance. The rest are discarded 

based on the presumption that they contain little information due to multiple scatterings 

that undergo before they reach the receiver. Although this assumption is far from reality, it 

is generally accepted as a tolerable compromise between accuracy and simplicity when 

simulating a mobile environment. 

For Figures 5.13 and 5.14, we assumed that the first component was a strong one (with 

mean and standard deviation of 1 and 0.7979 respectively) while the second ray was under 

heavy fading at the time it arrived at the receiver (mean 0.3 and standard deviation of 

0.2382). Therefore, the RAKE receiver has only one strong source of extracting the 

necessary information. As shown in Figure 5.14, the bit error rate for this case is high. For 

the first stage the error decreases very slowly described by the solid curves which are 

almost flat. For the second stage however, the curves are somewhat steeper and at a lower 

level indicating a better performance even at these highly harsh environments. As has 

been observed before, the second stage can accommodate 20 users allowing less error than 

the first stage with 15 users. 

To examine the capacity improvement under the above conditions, we plot the probability 

of bit error at a constant E,/N, = 20 dB, vs. the number of users as shown in Figure 5.15. 

From the figure we can obtain an approximation of the additional users the system can 

provide at a certain bit error level. Thus at the 10°? level the improvement supplied by the 

two-stage receiver is almost 9 users. In this plot the two curves do not seem to originate 

from a common point as it was the case in Figure 5.9. Here, the conditions of the channel 

at the 2-user load are severe enough, that the one stage demodulator is forced into faulty 

decisions and exhibits high error rate. The second stage however, can still perform 

adequately which it is illustrated by the space between the two curves. 

The two lines in Figure 5.15 appear to be relatively parallel which indicates a tendency of 

the two-stage receiver to provide a steady gain over a number of different interference 

loads. Since the simulations were run for up to 20 users, it is not possible to see how much 
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the improvement would be at higher load levels. It is expected however that the 

improvement would decrease as the number of users increases excessively due to 

accumulated interference. 

The near-far resistance of the receiver is shown in Figure 5.16. For this we set E,/N, = 10 

dB and we allow two users in the system. We let the power of the second user vary relative 

to the signal of the desired user from -20 to +20 dB. As shown in the figure, the two-stage 

exhibits a resistance to the increased power of the interference for a wide range of values. 

Thus we see that up to the -6 dB level, the two stages perform equivalently, since the 

desired signal is strong enough to ensure correct demodulation of the received signals. 

After that point however, the first stage gradually becomes more sensitive to the power 

increases of the interfering signal. In contrast, the second stage maintains an almost flat 

response up the 10 dB level before it reacts to the increased interference. After that 

threshold, this stage exhibits a positive slope to the increasing near-far problem, although 

this response is at much lower error level than the one-stage response. 

As mentioned earlier, the two-ray model is just an approximation of the multipath 

environment which is adopted by the necessity to keep computational complexity and 

channel accuracy at acceptable levels. In an effort to examine the proposed receiver in a 

different environment we present results from a channel modeled with three multipath 

components. Thus the next diagrams represent a channel in which there is a third 

component with mean of 0.79 and standard deviation of 0.6338. The other two 

components have the same specifications as before. It is important to mention here that in 

the simulator the number of branches at the RAKE receiver depends on the number of the 

multipath components in the propagation channel. Therefore, in this case there are three 

fingers at the receiver which combine to evaluate the overall bit estimate. 

The BER as a function of E,/N, for a 3-ray channel and 2 and 7 users is shown in Figure 

5.17. As expected, the performance is better than in the two-ray channel, since the RAKE 

receiver can extract the transmitted bit from three instead of two components. Again, 7 

users induce less error on the two-stage receiver rather than 2 users on the single stage. 

Also, if we compare Figures 5.17 and 5.13 we observe that the gain at the second stage by 

the 3-ray model is about 4 dB at 10° for the two users and about 4.5 dB at the 107 level 
for the seven user case. 

The performance of the receiver in a 3-ray channel for 15 and 20 simultaneous users is 
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shown in Figure 5.18. Similar observations can be made for this case, i.e. the bit error 

rates for both the first and the second stage in the 3-ray system are lower than the 2-ray 

counterparts. In Figure 5.18, the same pattern of 20 users performing better than 15 users 

in the first stage, appears again. However, regardless of the fact that we model the channel 

with three multipath components, still it constitutes a highly hostile environment for the 

mobile transmissions. Thus, the flatness of the curves which was observed in the 2-ray 

diagram is present in this figure as well. 

The capacity improvement of the two-stage receiver in a 3-ray channel is illustrated in 

Figure 5.19. As shown the two curves present a similar pattern with the one of Figure 

5.15, with the difference of being at a lower error level. Thus, at E,/N,=20 dB and at 

BER=107 the capacity improvement observed here by the second stage is approximately 

11 users, very close to the 9 users observed in the 2-ray plot. The gain between two and 

three multipath components at the 107 error level it appears to be approximately 2 users 

for both the one and two-stage curves. 

The observation was made earlier for the two-ray plots, that the capacity curves do not 

suggest that there is a common origin or a point of convergence. Similarly, for the 3-ray 

case the plot shows a parallel-like increase of the bit error rate for stage 1 and stage 2. If a 

slight convergence is noted then it probably indicates the diminishing improvement that is 

expected to occur at higher user levels due to excessive interference buildup. It is 

important to note, that a three-ray model on one hand provides the RAKE with more 

resources to extract the transmitted information from, but on the other hand it contributes 

to the overall interference due to the extra component. Hence, as the number of users 

increases the overall interference in the 3-ray model can be thought of to increase three 

times as much, and thus the rate of improvement would be expected to diminish at higher 

interference levels. 

Finally, Figure 5.20 shows the near-far resistance of the two-stage receiver in a Rayleigh 

channel with three multipath components. In this diagram as in the diagram of Figure 5.16 

the second stage seems to withstand the increasing power of an interfering user better than 

stage one. Specifically, the latter stage breaks down after the interfering power is stronger 

by 9 dB than the desired user, whereas this point occurs at about -3 dB for stage 1. The 

pattern denoted by the two curves in Figure 5.20, resembles the one of Figure 5.16 but the 

former is at much lower bit error level due to the energy combined from the three rays by 

the RAKE receiver. The sharp increase of the error rate at the 20 user load shown in 
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Figure 5.20 could be attributed to the excessive interference supplied by all the users each 

consisting of three multipath components. It must be noted, that these results may be 

somewhat optimistic, since the third component added is a strong one, thus contributing 

significantly to the overall statistic estimation at the RAKE receiver. 

Until now the results reflected the performance of the two-stage RAKE receiver with as 

many branches as multipath components in the channel. Thus in a two-ray model the 

RAKE only tracks two rays, whereas the rest are ignored. However, for reasons primarily 

related to cost in a real receiver having a RAKE with as many fingers as multipath 

components can not be allowed since there are almost always more multipath components 

in the channel than fingers that a RAKE receiver can afford. Thus there is the necessity of 

examining the effect of having a system with fewer fingers than multipath components. 

The last two figures illustrate the performance of the receiver under such conditions. We 

program the simulator to operate in a system with a RAKE of two fingers and a channel 

with three multipath components. We simulate 7 and 15 users and superimpose the results 

with those of a two-finger RAKE for comparison. 

Figure 5.21 shows the performance of the receiver in a 2 and 3-ray channel with 7 users. 

The RAKE receiver is allowed only two fingers in both instances. As shown the 

performance in a 3-ray channel is considerably inferior. There is indeed a gain obtained by 

the second stage demodulation, but overall the bit error rate is much higher than the error 

in the 2-ray channel. 

A similar observation can be made from Figure 5.22. Here, 15 users are allowed in the 

system. The channel generates three multipath components for each original transmission 

which all arrive at the receiver having only two fingers. As shown the bit error rate for this 

case is high as well, compared to the two-ray case. The underlying reason for this behavior 

is the number of multipath components in the channel. When the channel has two 

multipath components, then each component acts as an interfering element to the desired 

signal. However, this interference is overcome by the presence of the two fingers in the 

RAKE receiver which eventually lock and extract the multipath components. When the 

channel has three components however, the RAKE can still extract two rays but not the 

third which contains important information about the transmitted signal and channel 

characteristics. This information is eventually lost. The high bit error rate originates not 

from the unprocessed component but by the fact that this component has already 

participated in the overall interference built up imposed on the desired signal. This is the 

  

Chapter 5 - Simulation Results Page 88



A Multistage RAKE Receiver for CDMA Systems Stavros Striglis 
  

reason that we compare the results of this trial with the 2-ray outcomes. It is recognized 

that the 2-finger RAKE cannot outperform the 3-finger RAKE regardless of the number of 

multipath components. Then, what is left is to determine how the 2-finger RAKE performs 

in the 2 and 3-ray channel. This, is illustrated by the comparative plots in Figures 5.21 and 

5.22 which illustrate that the effect of extra unprocessed components can degrade 

significantly the system’s performance. These plots also demonstrate the drawback of 

stage dependence that was encountered before. Thus, the interference rejection 

accomplished by stage 2 is present but small, due to the dependence on the estimates of 

stage 1 which because of the harsh channel conditions are very poor. It should be 

emphasized here that the third component that was not processed by the RAKE was a 

strong one with mean of 0.79. For that reason, these results can be considered pessimistic. 

5.4 Chapter Summary 

In this chapter we have presented simulation results for a multistage RAKE receiver under 

a wide range of channel conditions. For a fixed bit error rate of 10°, it is shown that a two 

stage RAKE receiver is able to support two to three times as many users under a range of 

conditions. The receiver has also been shown to be resistant to the near-far effect. 
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6. Conclusions and Future Work 

6.1 Summary of Work 

In this thesis, the multistage RAKE receiver was proposed and simulated for COMA 

systems. The motivation was to design a receiver that combines the benefits of the RAKE 

and the multistage correlation receivers which have proven effective, each in different 

aspects. RAKE receivers combine the energy that is residing in the multipath components 

and thus take advantage of the multipath propagation phenomenon. Multistage correlation 

receivers on the other hand, utilize interference rejection algorithms to iteratively estimate 

and subtract the interference from the desired signal. These two benefits are exploited by 

an integrated receiver design which constitutes the multistage RAKE receiver. It jointly 

estimates all the transmitted signals and uses an interference cancellation algorithm to 

obtain a better estimate of the desired signal. This is accomplished by simultaneously 

estimating the multiple access interference and the channel impulse response of the 

multipath channel. 

For this work the receiver was simulated in software to evaluate its effectiveness. The 

performance was examined by varying a number of parameters, and primarily was 

presented in the form of bit error rate as a function of E,/N,. The capacity improvement of 

- the proposed design and its near-far resistance was also studied for completeness. The 

variable parameters included the number of users, power strength of signals, adjustable 

levels of power control and choice of channel impulse response among others. 

First the receiver was tested in a simple Gaussian channel. This trial was considered 

necessary more as a proof of accuracy rather as a proof of acceptable performance. 

Nonetheless, the results indicated that in simple additive noise channels the effectiveness 

of this design can be great. Specifically, the 2 and 7 users performance was found to be 

very close to the ideal one-user BPSK receiver, indicating nearly complete interference 

cancellation. 

The performance of the proposed design was tested under a multipath channel, with two 

multipath components. Here, as in the other cases was found that the two-stage RAKE 

receiver with 7 or 20 users outperforms the conventional RAKE receiver operating with 

only 5 as many users. 
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The proposed design was tested under imperfect power control conditions. Using 

lognormal distributed power amplitudes the bit error rate was evaluated for both the one 

and two-stage receiver. The performance was checked for 1 dB and 4 dB power variance 

and the results were compared. It was found that although the capacity can be severely 

decreased by the increase of variance, the second stage demodulation still provided a 

significant capacity improvement over the single stage receiver. For instance under a 4 dB 

variance stage 2 can provide six additional users at a bit error level 10°. 

Finally, the receiver was tested under a multipath propagation channel with Rayleigh 

distribution. Both 2-ray and a 3-ray channel models were used. The results indicated that 

even in harsh environments the 2-stage receiver provided a consistent improvement in 

both the 2 and 3-ray instances. In the case of three rays the whole system performed better 

than the 2-ray system, primarily due to the improved diversity of the RAKE receiver. The 

system was tested in a channel with 3 multipath components and 2 fingers at the RAKE. 

From these results we found that unprocessed strong components can have a strong impact 

on the system performance and consequently on the two-stage receiver as well. These 

results also indicated a drawback of the design; the margin of improvement obtained from 

the second stage depends on the outcomes of the first stage. 

In all the above results, it was found that the two-stage receiver provided a steady 

improvement over the single stage RAKE receiver. It performed better even in instances 

with extreme power fluctuations and in harsh Rayleigh channels loaded with interference. 

Furthermore, it exhibited a significant resistance to the near-far problem. 

6.2 Future Work 

This work represents the first step towards a multistage interference rejection approach to 

improve capacity in CDMA systems. There are many areas in which this work can be 

extended. First, the performance of this approach for multiple stages should be examined. 

It is recognized that the first stage is the most effective as this stage rejects the strongest 

interfering signals in the system. Nevertheless, the improvement of additional stages 

should be considered. This could reveal if there is a correlation between the number of 

users and the number of stages required to achieve best performance. 

Several additional channel models could also be incorporated into the software. This 

includes a Rician channel and the modeling of the component delays with a Poisson or a 
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modified Poisson distribution. Furthermore, the incorporation of the Doppler effect should 

also be taken into account in future modifications of this code. 

Computational complexity is always an issue for the simulation of CDMA systems. This 

system can now accommodate up to 20 users, each with a distinct channel impulse 

response. Further refinement of the code and memory management could increase the 

number of simultaneous users, although dynamic memory allocation currently is used 

extensively throughout the simulation. Another approach is the implementation of the 

convolution in the frequency domain using Fast Fourier Transforms. Also, importance 

sampling could be applied to reduce the duration of the simulation. This approach 

involves the biasing of the probability distributions to yield more events of interest than 

occur naturally. 

Coherent phase detection is assumed throughout this work for ease of implementation. 

Furthermore, the RAKE receiver in this work is assumed to have perfect timing with the 

multipath components in the channel. In actuality however perfect phase and time 

synchronization may not be possible. Also, since in this system each user has a different 

carrier, attention should be given to frequency shift which in the 800 MHz cellular band 

can reach up to 500 Hz. Thus, additional work could be directed towards the realistic 

capture of these effects. 

In addition to simulation studies, several other avenues of research should begin. Efforts 

are now underway to develop simple analytic bounds on the performance of systems with 

interference cancelation. Analytic results would provide useful insight into the 

performance of these systems. Furthermore, practical implementation issues should be 

studied. 

Finally, the performance of the multistage RAKE receiver could be examined with the use 

of channel coding. In most instances, the mobile environment is too hostile for any signal 

to be transmitted without coding. In this thesis we have considered only bit error rates of 

uncoded systems. Although BERs of 10°? and 1073 seem relatively high, these are realistic 

values of BER in mobile channels before coding is applied. Thus, channel coding 

combined with the multistage RAKE, could potentially improve the performance greatly. 

  

Chapter 6 - Conclusions and Future Work Page 92



A Multistage RAKE Receiver for CDMA Systems Stavros Striglis 
  

7. References 

[Aue 94] V. Aue and J.H. Reed, “CDMA demodulation and interference rejection using an 

optimal time-dependent filter,” M.S. Thesis, Mobile & Portable Radio Research 

Group (MPRG-TR-93-15A), Bradley Department of Electrical Engineering, 

Virginia Polytechnic Institute and State University, February 1994. 

[Bai93] V. Bais, “Improved Receiver Design for COMA Systems,” M.S. Project, Virginia 

Polytechnic Institute and State University, June 1993. 

[Cam92] R.A. Cameron and B.D. Woerner. “An analysis of COMA with imperfect power 

control,” Proceedings 1992 Veh. Tech. Conf., pp. 977-980, Denver, CO, 1992. 

[Cam93a] R.A. Cameron, “Performance Analysis of CDMA Systems in Multipath 

Channels,” M.S. Thesis, Virginia Polytechnic Institute and State University. 

[Dav93] M.E. Davis and L.B. Milstein, “Anti-jamming properties of a DS-CDMA 

equalization filter,” Proceedings of the 12th Annual IEEE Military Communications 

Conference, vol. 3, pp.1008-1012, 1993. 

[Dix84] R.A. Dixon. Spread Spectrum Systems. John Wiley & Sons, New York, 1984. 

[Duk90] M.L. Dukic, Z.D. Stojanovic, and I.S. Stojanovic, “Performance of direct- 

sequence spread-spectrum receiver using decision fedback and transversal filters for 

combating narrowband interference,” JEEE Journal on Selected Areas in 

Communications, vol. 8, no. 5, pp. 907-14, June 1990. 

[For74] G.D. Forney, “The Viterbi Algorithm,” Proceedings of the IEEE, vol. 61, pp. 268- 

278, March 1973. 

[Gil91] K.S. Gilhousen, IM. Jacobs, R. Padovani, A.J. Viterbi, and C.E. Wheatley, “On 

the Capacity of a Cellular CDMA System,” JEEE Trans. on Veh. Tech., vol. VT-40, 

no. 3, May 1991. 

[Goo91] D.J. Goodman, “Trends in Cellular and Cordless Communications,” [EEE 

Communications Magazine, pp. 31-40, June 1991. 

[Hol93] R.D. Holley, “Time-Dependent Adaptive Filters for CDMA Interference 

  

Chapter 7 - References Page 93



A Multistage RAKE Receiver for COMA Systems Stavros Striglis 
  

Cancellation,” M.S. Thesis, Bradley Department Electrical Englineering, Virginia 

Tech, Oct. 1993. 

{Holtz94] J.M. Holtzman, “DS/CDMA Successive Interference Cancellation,” JEEE Third 

International Symposium on Spread Spectrum Techniques and Applications, July 4- 

6, 1994. 

[Jac94] J. Jacobsmeyer, “Improving Throughout and Availabilty of Cellular Digital Packet 

Data (CDPD),” Proceedings Fourth VA Tech Symposium on Wireless Personal 

Communications, pp. 18.1-18.12, June 1994. 

[Jer84] M.C. Jeruchim, “Techniques for estimating the bit error rate in the simulation of 

digital communication systems,” JEEE Journal on Sel. Areas in Comm., vol. SAC-2, 

pp. 153-170, 1984. 

[Las94] J.D. Laster and J.H. Reed, “A Survey of Adaptive Single Channel Interference 

Rejection Techniques for Wireless Communications,” Proceedings of VA Tech’s 

Fourth Symposium on Wireless Personal Communications, pp. 2.1-2.25, June 1994, 

[Lee91] W.C.Y. Lee, “Overview of Cellular CDMA,” JEEE Trans. on Veh. Technology, 

vol. 40, no. 2, pp. 291-302, May 1991. 

[Leh87a] J.S. Lehnert and M.b. Pursley, “Error Probabilities for Binary Direct-Sequence 

Spread-Spectrum Communications with Random Signature Sequences,” [EEE 

Trans. on Comm., vol. COM-35, no. 1, pp. 87-97, Jan. 1987. 

[Leh87b] J.S. Lehnert and M.B. Pursley, “Multipath Deversity Reception of Spread- 

Spectrum Multiple-Access Communications,” JEEE Trans. on Comm., vol. COM- 

35, no. 11, pp. 1189-1198, Nov. 1987. 

[Leh89] J.S. Lehnert, “An Efficient Technique for Evaluating Direct-Sequence Spread- 

Spectrum Multiple-Access Communications,” JEEE Trans. on Comm., vol. 37, no. 

8, pp. 851-858, Aug. 1989. 

[Li93a] Y. Li, B.D. Woerner, W. Tanis II, and M. Hughes, “Simulation of CDMA using 

measured channel impulse response data,” JEEE Vehicular Technology Conference 

(VTC), Piscataway, N.J., pp. 428-431, May 1993. 

  

Chapter 7 - References Page 94



A Multistage RAKE Receiver for CDMA Systems Stavros Striglis 
  

[Li93b] Y. Li, “Bit Error Rate Simulation of 1.25 MHz CDMA Simulations,” M.S. Thesis, 

Virginia Polytechnic Institute and State University, July 1993. 

{Lib94] J.C. Liberti, “CDMA Cellular Communication Systems Employing Adaptive 

Antennas,” Preliminary of Research Including Literature Review and Summary of 

Work-in-Progress, Submitted to Ph.D. Committee, Bradley Department of Electrical 

Engineering, Virginia Polytechnic Institute and State University, April 29, 1994. 

[Lup90] R. Lupas and S. Verdu, “Near-Far Resistance of Multiuser Detectors in 

Asynchronous Channel,” JEEE Trans. on Comm., vol. COM-38, no. 4, pp. 496-508, 

April 1990. 

[Mor89] R.K. Morrow and J.S. Lehnert, “Bit-to-bit error dependence in slotted DS/SSMA 

packet systems with random signature sequences,” JEEE Trans. on Comm., vol. 

COM-37, no. 10, pp. 1052-1061, Oct. 1989. 

[Ols77] J.D. Olsen, “Nonlinear Binalry Sequence switch Asymptotically Optimum 

Periodic Cross Correlation,” Ph.D. Dissertation, University of Southern California, 

December 1977. 

[Pat93] P. Patel and J. Holtzman, “Performance analysis of a DS/CDMA system using a 

successive interference cancellation scheme,” Proceedings of 1993 Conference on 

Workshop on Wireless Information Neworks, New Brunswik, N.J., October 1993. 

[Par89] J.D. Parsons and J.G. Gardiner, Mobile Communication Systems, Halsted Press, 

1989. 

{Pic91] R.L. Pickholtz, L.B Milstein, D.L Schilling, “Spread Spectrum for Mobile 

Communications,” JEEE Trans. on Veh. Technology, vol. 40, no. 2, pp. 313-321, 

May 1991. 

[Pri58] R. Price and P.E. Green , “A communication technique for multipath channels,” 

Proc. IRE 46, pp. 555-570, March 1985. 

[Pro89] J.G. Proakis, Digital Communications, McGraw-Hill, New York, 1989. 

[Pur77] M.B. Pursley, “Performance Evaluation for Phase-Coded Spread-Spectrum 

Multiple-Access Communication - Part I: System Analysis,” JEEE Trans. on 

  

Chapter 7 - References Page 95



A Multistage RAKE Receiver for COMA Systems Stavros Striglis 
  

Comm., vol. COM-25, no. 8, pp. 795-799, Aug. 1977. 

[Pur81] M.B. Pursley, “Spread spectrum multiple access communications,” Multi-User 

Communication Systems, New York: Springer-Verlag, pp. 139-199, 1981. 

{[Pur87] M.B. Pursley and D.J. Taipale, “Error probabilities for spread-spectrum packet 

radio with convolutional codes and Viterbi decoding,” JEEE Trans. on Comm., vol. 

COM-35, no. 1, pp. 1-12, Jan. 1987. 

[Qua92] QUALCOMM, Inc. “An Overview of the Application of Code Division Multiple 

Access (CDMA) to Digital Cellular Systems and Personal Cellular Networks,” pp. 

1-58, May 12, 1992. 

[Rap89] T.S. Rappaport, “Indoor Radio Communications for Factories of the Future,” 

IEEE Communications Magazine, pp. 15-24, May 1989. 

[Rap90] T.S. Rappaport, S.Y. Seidel, and Rajendra Singh, “900-MHz Multipath 

Propagation Measurements for U.S. Digital Cellular Radiotelephone,” JEEE Trans. 

on Veh. Comm., vol. 39, no. 2, pp. 132-139, May 1990. 

[Ree87] J.H. Reed, “Time-Dependent Adaptive Filters for Interference Rejection,” Ph.D. 

Dissertation, Department of Electrical and Computer Engineering, University of 

California, Davis, 1987. 

[Sar80] D.V. Sarwate and M.B. Pursley, “Crosscorrelation properties of pseudorandom 

and related sequences,” Proceedings of the IEEE, vol. 68, no. 5, pp. 593-619, May 

1980. 

[Sau92] GJ. Saulnier, “Suppression of narrowband jammers in a spread-spectrum 

receiver using transform-domain adaptive filtering,” JEEE Journal on Selected 

Areas in Communications, vol. 10, no. 4, pp. 724-9, May 1992. 

[Sha80] K.S. Shanmugan and P. Balaban, “Simulation technique for the evaluation of 

error rate in digital communications, Version 1.0,” JEEE Trans. on Comm., vol. 

COM-28, pp. 1916-1924, Nov. 1980. 

[Sch92] D.L. Schilling, T. Apelewicz, G.R. Lomp, and V. Erceg, “Broadband CDMA: A 

PCS Wireless Technology to Achieve Wireline Quality and Maximize Spectral 

Efficiency,” Proceedings of Virginia Tech’s Second Synposium on Wireless Personal 

  

Chapter 7 - References Page 96



A Multistage RAKE Receiver for CDMA Systems Stavros Striglis 
  

Communications, pp. 4.1 - 4.10, June 1992. 

[Sez94] F. de Seze, “Influence of Slow Frequncy Hopping and Antenna Diversity 

Techniques in European GSM System,” Proceedings of VA Tech’s Fourth 

Symposium on Wireless Personal Communications, pp. 15.1-15.10, June 1994. 

[Sto87] Z.D. Stojanovic, M.L. Dukic, LS. Stojanovic, “A new method for the narrow- 

band interference rejection in the direct sequence spread-spectrum systems using 

transversal filters,” Proceedings of MELECON ‘87: Mediterranean Electrotechnical 

Conference and 34th Congress on Electronics Joint Conference, pp. 149-152, March 

1987. 

[Str94] S. Striglis, A. Kaul, N. Yang, and B. Woerner, “A multi-stage RAKE receiver for 

improved CDMA performance,” JEEE Vehicular Technology Conference (VTC), pp. 

789-793, May 1994. 

[Tur72] G.L. Turin, F.D. Clapp, T.L. Johnston, S.B. Fine, and Dan Lavry, “A Statistical 

Model of Urban Multipath Propagation,” JEEE Trans. on Veh. Comm., vol. VT-21, 

no. 1, pp. 1-9, Feb. 1972. 

[Tur80] G.L. Turin, “Introduction to Spread-Spectrum antimultipath techniques and their 

application to urban digital radio,” Proceedings of the IEEE, vol. 68, no. 3, pp. 328- 

353, Mar. 1980. 

[Var90] M.K. Varanasi and B. Aazhang, “Multistage detection in asynchrononous code- 

division multiple-access communications,” JEEE Trans. on Comm., vol. COM-38, 

no. 4, pp. 509-519, April 1990. 

[Ver86] S. Verdu, “Minimum Probability of Error for Asynchronous Gaussian Multiple- 

Access Channel,” JEEE Trans. on Info. Theory, vol. IT-32, no.5, pp. 642-651, Sept. 

1986. 

[Ver89] S. Verdu, “Computational complexity of optimum multi-user detection,” 

Algorithmica, vol. 4, pp. 303-312, 1989. 

[Vit85] A.J. Viterbi, “When not to spread-spectrum. A sequel,” IEEE Communications 

Magazine, vol. 23, pp. 12-17, April 1985. 

  

Chapter 7 - References Page 97



A Multistage RAKE Receiver for CDMA Systems Stavros Striglis 
  

[Wij93] S.S.H. Wijayasuriya, J.P. McGeehan and G.H. Norton, “RAKE Decorrelation as 

an Alternative to Rapid Power Control in DS-CDMA Mobile Radio,” JEEE 

Vehicular Technology Conference (VTC), Piscataway, N.J., May 1993. 

[Woe92a] Brian D. Woerner and Rick Cameron, “An Analysis of COMA with Imperfect 

Power,” JEEE Vehicular Technology Conference (VTC), Denver, CO, May 1992. 

[Zie85] R.E. Ziemer and R.L. Peterson. Digital Communications and Spread Spectrum 
Systems, Macmillan Publishing Company, New York, 1985. 

  

Chapter 7 - References Page 98



A Multistage RAKE Receiver for CDMA Systems Stavros Striglis 
  

Appendix A: Software Documentation 

This chapter describes the computer programs that were developed for the simulation of 

the multistage RAKE receiver. The programs were written in ANSI C, and were compiled 

by issuing the command acc on a SUN workstation. All programs listed here except the 

Gold_PnSeqGenerator() function were written by the author. The following discussion is 

divided into two parts. First, there is a description of the functions that constitute the 

simulator. Second, there is a description of the parameters that can be changed as needed 

to simulate specific environment conditions. 

A.1 Simulator Functions 

The C program developed for the Multistage RAKE receiver is called Mstage.c and it 

consists of several functions that work interactively to process the necessary information. 

Most of the functions are invoked from the main() function, however some subroutines 

are invoked from within the secondary functions if necessary. The program is executed by 

entering Mstage at the prompt, after choosing the parameters of the simulation. 

A.1.1 main() 

This is the main, or the top level function and contains all the array and function 

declarations used by the simulator. It also contains the E,/N, and packet repetition loops 

that can be adjusted as necessary. Although both parameters can be changed easily, 

whenever the parameter PACKETS is changed the program has to be recompiled. The 

subtraction of interference from the received signal is performed in this function. Also, the 

recording and determination of the bit error rate in the system is also taking place in this 

function. 

A.1.2 Gold_PnSeqGenerator() 

This routine is a modified version of a routine written by V.Bais [Bai93]. It is called by the 

main() function when Gold sequences are chosen as spreading codes. It returns a number 

of Gold codes, different for each user in the CDMA system. Each code is 31 chips long, 

and each chip is sampled 4 times. The sampling rate can be changed, but the program must 
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be recompiled after that. This function can generate up to 33 unique Gold codes. Thus the 

number of users in a CDMA using Gold codes can not exceed 33. 

A.1.3 M_PnSeqGenerator(Q) 

This routine was written by the author and it generates maximal length sequences or m- 

sequences, each 31 chips long. This routine was not used for the results because a 5-stage 

shift register can only generate 6 unique codes (see section 2.3). Thus, only 6 users could 

use a CDMA system utilizing m-sequences as spreading codes. The sampling rate is the 

same as the one in Gold_PnSeqGenerator‘(). 

A.1.4 Rand_PnSeqGenerator() 

This routine was used to obtain all the results in this work. Although Gold codes have 

well-defined cross-correlation properties, and are used extensively in CDMA systems, in 

this work we used random codes to emulate “worst case” conditions. The length and the 

sampling rate are the same as in Gold_PnSeqGenerator() function, but there are almost an 

unlimited number of random sequences that can be generated by this routine. 

A.1.5 LogNoPowerfunc() 

This function generates lognormally distributed power amplitudes when the CDMA 

system is operated under imperfect power control. In the parameter entry file the non- 

IDEAL_POWER_CONTROL option must be chosen for this routine to become active. 

Otherwise the powers assigned to all users in the system are all equal. The mean power 

level of each user, and the variance of the lognormal distribution can be specified from the 

file Input_parameters.in, that contains the simulation parameters. 

A.1.6 Channelfunc() 

This function when invoked returns three arrays containing the channel characteristics. 

These arrays represent the delay, the amplitude and the phase induced by the propagation 

channel on the transmitted signals. Since the propagation path considered here is the 

reverse path, then each transmission (from each user) is submitted into different channel 

  

Appendix A: Software Documentation Page 100



A Multistage RAKE Receiver for CDMA Systems Stavros Striglis 

response. Thus the arrays containing the channel characteristics are different for each 

subscriber. The delays introduced by the channel are uniformly distributed, although the 

option of setting these delays constant is also included. The amplitude attenuation induced 

by the channel can be of constant amplitude, or of Rayleigh distribution. If the amplitude 

is not specified, then default values are used: the first multipath component has amplitude 

1, and after that each subsequent component is 3 dB weaker than the previous one. The 

phases are uniformly distributed in the interval (0, 27). 

A.1.7 ConvolvQ) 

This function performs the convolution of the transmitted signals with the channel 

impulse response. The convolution is performed in time domain, and is implemented by a 

tapped delay line. From this function the subroutine Gaussian Random() is invoked to 

obtain the Gaussian noise samples that are applied on each sample of the convolved 

signal. The output of convolv() is a signal composed of multiple transmissions and noise 

samples, and it represents the received signal r (7) . 

A.1.8 Gaussian_Random() 

This function generates Gaussian random variables that are used as noise samples and 

added on the overall signal before it is received by the receiver. It is invoked by the 

convolv() function. The variance of each noise sample is specified by expression (4.38). In 

the simulation, noise samples are generated independently for the in-phase and quadrature 

components of the signal. 

A.1.9 Rake() 

This function was written to implement the RAKE receiver of the simulator. It uses the 

received signal to extract the channel characteristics and the decision statistics of the 

desired signals. The receiver obtains phase and delay information from an undistorted 

channel, and uses these parameters to estimate necessary variables. By default, the number 

of fingers in the receiver is automatically the same as the number of multipath components 

in the channel. However, the parameter LOST_COMPONENTS can be adjusted in the 

Input_parameters.in file to emulate a system with more multipath components than fingers 
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in the RAKE receiver. A value 1 assigned to this parameter indicates the number of the 

unprocessed components by the receiver, and it refers to the /ast n components of the 

signal. Thus a value of 2 assigned to LOST_COMPONENTS would indicate that the last 

two components would not be processed by the receiver. This was done to ensure that the 

first components arriving at the receiver are always processed, since this would be the 

most probable scenario in a real system. 

A.1.10 Re_Convolv() 

This function is similar to the convolv() routine, but it performs some additional tasks. It is 

used to convolve the re-generated signals with estimates of the channel impulse response 

at the second stage of the receiver. There are no noise samples added on the signal here, 

since the processing is performed internally at the receiver in a well controlled 

environment. In this function the received signal is broken down into its estimated 

individual components which are subtracted later from the received signal of stage 1. 

A.1.11 Stage_Rake() 

After the interference is subtracted from the individual received signals, the resulting 

estimates are processed by the stage_rake() function to obtain better estimates of the 

channel characteristics and decision statistics of the transmitted signals. These results if 

necessary, can be used by the simulator as inputs to another stage of processing. If 

multiple stages of interference rejection are needed, this function along with function 

Re _convolv(), after small modifications, can be included in a loop to perform the 

convolution and extraction of the processed multipath components. 

A.1.12 Channel_Delay_UnifQ) 

This routine is invoked by function channelfunc(). It returns the delays of channel impulse 

response associated with each transmission. These delays are random variables uniformly 

distributed in intervals specified in the file Mstage_params_inp.h. The minimum delay of 

each component is one chip, whereas the maximum can be adjusted in the 

Mstage_params_inp.h file. This routine is invoked only if the option 

CHANNEL_DELAY_DISTR is set to UNIFORM. More information about the 
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component delays is provided in the files Mstage.c and Input_parameters.in. 

A.1.13 RaylgainQ 

This function is invoked by channelfunc() and it returns the amplitudes of the channel 

impulse response associated with each transmission in a Rayleigh fading environment. 

The amplitudes are expressed as random variables with a Rayleigh distribution, whose 

parameters can be defined in file Input_parameters.in. This function is invoked only if the 

parameter CHANNEL_GAIN_DISTR is set to RAYLEIGH. More information is 

provided in the Input_parameters.in file. 

A.2 Parameter Entry 

The parameters of the simulation can be adjusted by editing the files Input_parameters.in 

and Mstage_params_inp.h. The include file Mstage_params_inp.h contains variables and 

constants that the program needs to perform several tasks. It is suggested that the 

parameters in this file be changed with great caution because their value can have a 

permanent impact on the performance of the simulator. If changes are made in these 

parameters, then the program has to be recompiled using the command acc -g Mstage.c -o 

Mstage. 

The file Input_parameters.in contains parameters that can be adjusted as needed to 

represent different conditions of the CDMA system. Change of these parameters does not 

require recompilation of the program. This file contains a help section that can be 

consulted when entering the values of specific parameters. A list of the parameters that 

can be adjusted in this file is shown next. 

A.2.1 Input_parameters.in 

SNR_MIN, SNR_MAX, SNR_STEP: These parameters specify the range of E,,/N, values 

in dB. The simulation then is performed within these limits. 

USERS: It specifies the number of simultaneous users in the CDMA system. 
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MULTIPATHS: it specifies the number of total multipath components present in the 

propagation channel. 

STATIC_CHANNEL_DURATION: This parameter indicates how dynamic, or how fast 

the channel changes in relation to the data rate. Expressed in bits, the minimum value that 

can be entered is 1; in this case it would indicate a channel changing at the bit rate. The 

maximum value is equal to the number of bits in a packet which would indicate a 

completely static channel. 

IDEAL_POWER_CONTROL: This parameter can be either TRUE or FALSE and it 

refers to the power control conditions in the system. When TRUE is selected, all the signal 

powers arriving at the receiver are equal. 

EQUAL_TX_POWERS: This parameter refers to the transmitted power of each user’s 

signal. It is only taken into account if the parameter IDEAL_POWER_CONTROL is 

FALSE, otherwise it is disabled. This parameter is used in conjunction with the 

parameters TX_POWER_LEVEL, to specify different transmitted power levels. 

TX_POWER_LEVEL[#]: These parameters provide the option of allowing the system to 

operate in an environment with eleven different power levels. This essentially specifies the 

mean power of the interfering signals with respect to the desired signal. Expressed in dB, 

a value n entered in one of the ten entries allows that user’s signal to be m dB higher 

(lower) from the desired signal. If the number of users in the system is more than eleven, 

then the ten levels are distributed among all the interferers in the system. These 

parameters are disabled when the system operates under ideal power control conditions. 

LOGNORM_POWER_VARIANCE: This parameter is activated when the parameter 

IDEAL_POWER_CONTROL is selected as FALSE, and it specifies the power variance 

of ail the signals in the system. It is expressed in dB. 

PN_SEQUENCE_TYPE: This allows the system to use random, Gold, or m-sequences as 

spreading codes. 

CHANNEL_DELAY_DISTR: It specifies the type of delays induced by the propagation 

channel on the transmitted signals. If is selected as UNIFORM, then the delays are 

uniformly distributed. The interval of the distribution is specified in the file 

Mstage_params_inp.h. If CONSTANT is entered here, then the parameters 

DELAY _OF_PATH must be defined as shown next. 
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DELAY _OF_PATH[#]: These parameters specify the delay of the m" component for all 

the signals in the system, when the selection is made to keep these delays fixed. The 

number expressed in samples (or subchips) refers to the delay of that particular component 

with respect to the first ray of that signal. Note however, that the first ray of the first user is 

always set to zero delay. 

CHANNEL_GAIN_DISTR: This option specifies the amplitude distribution of the 

channel impulse response. It can be set to CONSTANT or RAYLEIGH. In both cases the 

parameters GAIN_OF_PATH[#] must be specified as shown next. 

GAIN_OF_PATH[#]: These parameters refer to the amplitude of the impulse response. If 

the CHANNEL_GAIN_DISTR is CONSTANT then the entries here refer to the 

magnitude of the impulse response. If the parameter is selected as RAYLEIGH, then the 

entries here refer to the standard deviation of the Rayleigh distributed variable. 

LOST_COMPONENTS: This parameter specifies how many components in the system 

are not processed by the receiver. A value of zero would indicate that the number of 

fingers in the RAKE receiver is equal to the number of multipath components in the 

system. 

OUTPUT_FORMAT: This option allows the results to be either saved in a file or 

displayed on the screen. 

SHOW_PROGRESS: It displays the results from stage 1 to be displayed on the screen for 

debugging purposes. If the OUTPUT_FORMAT is FILE, this parameter is disabled. 

OUTPUT_FILE: An entry here specifies the name of the file where the results are saved. 

The results include the BER performance at each SNR_STEP value, and at each stage. 

The results also include the start and end time of the simulation at each SNR value to 

assist in estimating the duration of the simulation. 
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