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(Abstract)

A rake receiver, which resolves multipath signals corrupted by a fading channel, is
the most complex and power consuming block of a modem chip. Therefore, it is
essential to design arake receiver be efficient in hardware and power. We investigated a
design of a rake receiver for the WCDMA (Wideband Code Division Multiple Access)
system, which is a third generation wireless communication system. Our rake receiver
design is targeted for mobile units, in which low-power consumption is highly important.
We made judicious judgments throughout our design process to reduce the overall circuit
complexity by trading with the performance. The reduction of the circuit complexity
results in low power dissipation for our rake receiver. Asthe first step in the design of a
rake receiver, we generated a software prototype in MATLAB. The prototype included a
transmitter and a multipath Rayleigh fading channel, as well as a rake receiver with four
fingers. Using the software prototype, we verified the functionality of all blocks of our
rake receiver, estimated the performance in terms of bit error rate, and investigated trade-
offs between hardware complexity and performance. After the verification and design
trade-offs were completed, we manually developed a rake receiver at the RT (Register
Transfer) level in VHDL. We proposed and incorporated several schemesin the RT level
design to enhance the performance of our rake receiver. As the fina step, the RT level
design was synthesized to gate level circuits targeting TSMC 0.18 nm CMOS technology
under the supply voltage of 1.8 V. We estimated the performance of our rake receiver in

area and power dissipation. Our experimental results indicate that the total power



dissipation for our rake receiver is 56 mW and the equivalent NAND2 circuit complexity
15983,482. We believe that the performance of our rake receiver is quite satisfactory.
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Chapter 1 Introduction

In the past decades, mobile communication systems have proliferated explosively
and offer a wide variety of communication services. Mobile communication systems
have evolved from the first generation based on analog technology to the third generation
(3G) based on digital communications. The first two generations of mobile
communication systems are limited mostly to voice communications, while the 3G
communication systems intend to provide high data rate services including multimedia
and video [Dal01, Zie01].

The second-generation systems based on Code Division Multiple Access (CDMA)
technology employ digital wireless technologies that allow multiple users to share the
same radio spectrum without interfering with each other. The 3G systems employ high-
speed versions of CDMA called Wideband CDMA (WCDMA) or CDMA2000. The
WCDMA system was co-developed by NTT DoCoMo and Ericson and is compatible
with the Global System for Mobile Communication (GSM). The WCDMA system uses
an asynchronous network between the base stations [KTFO03]. The user equipment (UE)
has no knowledge of the relative time difference between base stations [Qua0l]. The
major specifications for the WCDMA system are as follows. The bandwidth for a
WCDMA system is 5 MHz, and the chipping rate is 3.84 Mcps. The maximum data rate
is 9510 Kbps for the uplink, because there is a maximum of six data channels, each of
which has 960 Kbps, and one control channel that has 150 Kbps. The downlink has
maximum data rate of 1920 Kbps. The QPSK (Quadrature Phase Shift Keying)
modulation scheme is employed in both directions [3G213].

CDMAZ2000 is the other 3G standard that competes with WCDMA. It is an
upgrade for Interim Standard-95 (1S-95). CDMAZ2000 uses a synchronous network
relying on the Global Positioning System (GPS). There are two versions of CDMA2000
standards called CDMA 2000 1X and CDMA2000 3X [Pg01]. 1X uses a chipping rate of
1.2288 Mcps and provides the maximum data rates of 153.6 Kbps for the uplink and
307.2 Kbps for the downlink. 3X uses three carriers in paralel for higher data rates,



which are maximum 614.4 Kbps for the uplink and 1036.8 Kbps for the downlink. The
chipping rate for 3X is 3.6864 Mcps.

In this thesis, we consider the WCDMA system, as it is dominant in the market
coverage. WCDMA, which is based on GSM, shares 65% of the globa market, while
CDMA?2000 has limited growth of about 12% due to the minor occupation of 1S-95
[Kuo0l]. Three maor components of a WCDMA modem are a cell searcher, a channel
decoder, and a rake receiver. A cell searcher is responsible for obtaining the timing of
the slot boundary and detecting the scrambling code group and the primary scrambling
code [3G214]. In the first step, a searcher acquires slot synchronization to a cell, which
is typically done with a single matched filter. In the second step, the frame
synchronization is acquired and the code group of the cell found in the first step is
identified. In the last step, the exact primary scrambling code used for the found cell is
determined. Steps 2 and 3 are based on the correlation operation. A channel decoder
performs a decoding operation for the channel coding, which is employed for reliable
communications. Convolutional coding is used with relatively low data rates in
WCDMA, and turbo coding is for high data rates. Turbo and Viterbi decoding
techniques are usually employed for the channel decoding. The rake receiver performs
the core operations for a WCDMA modem including despread of the received signal,
resolution of multipaths, and fine-tuning of the timing. Among the three maor
components, arake receiver is the most complex in hardware design and is the focus of
this thesis research. We considered implementation of a rake receiver for the downlink,
which is on the mobile side.

A rake receiver has multiple fingers to resolve multipath signals corrupted by a
fading channel. Each finger has a channel estimator and a channel compensator to
mitigate the phase rotation due to the fading channel. A rake receiver aso includes a
time tracker for fine-tuning of the timing and a combiner to combine outputs of the
fingers. Our design started with a software prototype of a rake receiver. A transmitter
and a channel as well as arake receiver were implemented in MATLAB and simulated to
verify the functionality of internal blocks of the rake receiver and to measure the Bit
Error Rate (BER). Finaly, we implemented the rake receiver at the RTL (Register
Transfer Level) level in VHDL and synthesized the VHDL code to achieve a gate level



netlist. We estimated the performance of our rake recelver in terms of the circuit
complexity and power dissipation in TSMC 0.18 nm CMOS technology. Thetotal power
dissipation for our rake receiver is 56 mW and the equivalent NAND2 circuit complexity
15$983,482 under 1.8 V.

The organization of the thesis is as follows. In Chapter 2, we provide background
information necessary to understand the WCDMA systems. Chapter 3 describes the
channel model used for our simulations and the downlink rake receiver design.
MATLAB simulation results for the verification of the function and the BER
measurement of the rake receiver are also presented. Chapter 4 provides details of the
hardware design of the rake receiver. Experimental results including power consumption
and the area of the synthesized circuit are given in Chapter 5. Finally, Chapter 6
concludes our work on the rake receiver design.



Chapter 2 WCDMA Physical Layer Description

WCDMA uses a direct sequence spread spectrum technique, in which a narrow
band signal is spread to a wide band signal. Figure 2.1 shows the narrow band signal
before the spreading and the wide band signal after the spreading. The processing gain,
which is defined as W/R, decreases with the increase of the bit rate. For the WCDMA
systems, a variable data rate within a fixed bandwidth is achieved through the variable
spreading and a high data rate through multicode transmission techniques. The spreading
factor is reduced with variable spreading, when the data rate increases, while high bit rate
services are mapped onto different parallel channels in multicode transmission [Gue01].

Unspread
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I .
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0
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©
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—>» R <«— Frequency
i W >

Figure 2.1: Processing gain and the spreading [Hol00]

In this section, we provide preliminaries of the WCDMA systems necessary to
understand our rake receiver design. We describe Layer 1, which is aso known as the
physical layer, of the radio access network of the WCDMA systems operating in
Frequency Division Duplex (FDD) mode. Since our receiver is designed for downlink,
we focus on the downlink channel of the WCDMA physicdl layer.

Downlink is the communication channel from a base station to the mobile. Thereis
only one dedicated physical channel for the downlink, which is called the Dedicated
Physical Channel (DPCH). The Common Pilot Channel (CPICH) is one of common



downlink physical channels. Each channel is channelized with a channelization code,
and is 1/Q separated. The channelized complex chips are combined together and
scrambled with a complex-valued scrambling code. Finaly, the complex-valued chip

sequence is modulated for transmission through the channel.

2.1 Physical channels

2.1.1 Dedicated physical channel

Unlike the uplink, there is only one dedicated physical channel for the downlink.
Thus, the downlink DPCH is a time multiplex of a downlink Dedicated Physical Data
Channel (DPDCH) and downlink Dedicated Physical Control Channel (DPCCH). The
frame structure of DPCH is shown in Figure 2.2.

A
\4

Slot #0 | Slot #1 Slot #i Slot #14

< [
<«

1 radio frame, T, = 10 ms

Figure 2.2: Frame Structure for DPCH

Each frame is 10 ms long and is split into 15 slots. Each slot has 2560 chips. The

parameter k in Figure 2.2 determines the spreading factor SF as SF =52—1k2 , and

determines the total number of bits per DPCH dlot. Since k ranges from O to 7, the
spreading factor for DPCH isin the range of 4 to 512.

The downlink DPCH may or may not include a Transport Format Combination
Indicator (TFCI). TFCI carries from 1 to 10 bits of transport format information in a slot.
Transport format information is used to regulate the channel formation between the



physical layer and the Medium Access Control (MAC) layer. The sub-fields and their
bits of the TFCI are defined in [3G211]. The PFilot bits are used for the channel
estimation at the terminal for the dedicated channel and for providing the channel
estimation reference for the common channels when they are not associated with the
dedicated channels or not involved in the adaptive antenna techniques in the same way
CPICH is. The mobile receiver can utilize CPICH and/or the Pilot bits within DPCCH
for the same purposes. Transmit Power Control (TPC) is used for adjusting the mobile
transmit power in order to keep the signal-to-interference ratio (SIR) at agiven SIR target.
The number of bits and the patterns for the Pilot and TPC are also defined in [3G211].
Since we do not use the information of the DPCCH of DPCH for our rake receiver,
detailed information on TFCI, Pilot, and TPC is omitted.

2.1.2 Common pilot channel

The CPICH, which is shared by al users of a base station, carries a pre-defined
bit sequence with a fixed rate (30 kbps, SF = 256). Unlike the uplink, where the pilot
symbols are included in the DPCCH with other control information, the pilot symbols are
transmitted through CPICH in downlink. Hence, CPICH is used for the estimation of the
channel phase rotation and the frequency offset. The frame structure of CPICH is shown
in Figure 2.3. When transmit diversity is not employed, the pre-defined bit sequence is
al 1'sthat is, in fact, the binary bit O.

Pre-defined bit sequence (all 1's)

A
v

T.., = 2560 chips, 20 bits =10 symbols

slot

Slot #0 | Slot #1 Slot #i Slot #14

< »
< »

1 radio frame, T, = 10 ms

Figure 2.3: Frame Structure of CPICH



2.2 Spreading

The spreading operation consists of channelization and scrambling operations.
Figure 2.4 shows the block diagram of the spreading operation. Each par of two
consecutive symbols in a channel is converted to parallel and is applied to both | and Q
branches. The | and Q branches are channelized by multiplying the same Orthogonal
Variable Spreading Factor (OV SF) code, which is a channel specific. Then, DPCH and
CPICH are scrambled by the complex-vaued scrambling codes, and combined.

In Figure 2.4, C4 and C, denote the OVSF code for DPCH and CPICH,
respectively. & and S, are the scrambling code for DPCH and CPICH. DPCH and
CPICH are channelized with different OV SF codes with necessary spreading factors, and
then scrambled aso with different complex-vaued scrambling codes specific to a cell.

Serial T Y
DPCH —» to c, E%

Parallel

‘@4

Serial
CPICH —>| to

o
I
—&
f
Parallel Cp A
Q :
4’%—’ ) p

Figure 2.4: Spreading of DPCH/CPICH
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2.2.1 Channelization

The channelization operation for the downlink separates the downlink
connections to different users within one cell. The channelization is performed by
multiplying appropriate OVSF codes to the | and Q branches. Through the
channelization, a symbol is spread into a number of chips according to the spreading



factor, which results in the increase of the bandwidth. By using the different spreading
factors for each channel, variable data rates can be obtained. Since the spread signal
bandwidth is the same for all users, multiple spreading factors are needed for the multiple
rate transmission.

Channelization codes are picked from the code generation tree shown in Figure
2.5, which is based on the OV SF technique. Each stage has two sub branches. The upper
branch is obtained by repeating the code of the former stage and the lower branch is
obtained as the concatenation of the original and the reversed codes of the former stage.
The processis summarized in Figure 2.6.

C,o=(1,1,1,2)
C,o=(11)
C, = (11-1,-1)
Coo=®
C,,=(1-1,1,-1)
C,q = (11)
C,e=(1-1,-12)
SF=1 SF=2 SF=4

Figure 2.5: OVSF Code Tree

(C O

(C,-O)

Figure 2.6: One Stage of the Tree Structure

OV SF codes should be selected to maintain the orthogonality between different
downlink connections. When two channels having the same transmission rate are spread,
they should pick two different OV SF codes with the desired spreading factor. In case
two channels use different transmission rates, the OV SF code for the lower transmission
rate should not be the child of the OV SF code for the higher transmission rate. Figure 2.7



illustrates an example selection of OV SF codes. In case of Figure 2.7(a), C4, 0 and Cg 1
are selected as OV SF codes for the channels, and G 1 is achild of Cy 0. The correlation
value of the two OV SF codes during the symbol period for SF = 4 is four, though that of
SF = 8 iszero. Hence, the selection isinvalid. Case (b) selects C4 1 and Cg 1, and note
Csg 1 isnot achild of C4 1. The correlation of the two OV SF codes is zero for both SF = 4
and SF = 8, which is avdid selection.

C4' 0 C4, 1
C8,l CB, 1
C4, 0 * CB,l C4, 1 * C8,l
Chip <> Chip >

Symbol for SF=4

A

A
A

Symbol for SF=4

A
A

Symbol for SF=8

Symbol for SF=8

A

(@) Invalid selection (b) Valid selection

Figure 2.7: An example of the OV SF code selection for orthogonality

Figures 2.8 and 2.9 illustrate the correlation values between different OVSF
codes. Figure 2.8 shows the correlation values between Cyss 100 and Cosgi (1 =0,1,---255).

The auto-correlation value of Cusg 100 itself is 256, while all cross-correlation values with
Cas6,100 are zero, which means that the two different OV SF codes are orthogonal. Figure
2.9 shows correlation values between OV SF codes C,0 and its children and non-children
OVSF codes. As can be seen from the figure, there is no orthogonality between the
OV SF code C,4 and its children codes, while non-children codes are al orthogonal to it,
independent of the spreading factor.

Since CPICH is aways spread by Cuse0, the OVSF codes for DPCH should be
chosen as Csx Where SF is the spreading factor and SF/4£k£S-. Then, it is
guaranteed that the OV SF code for DPCH is not the parent of the OV SF code for DPCH,
Cas60. SO the two channels are orthogonal.
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2.2.2 Scrambling

The scrambling operation is applied to discriminate different cells, and the
scrambling codes are assigned by higher layers. The spread complex sequences of DPCH
and CPICH are summed together after the scrambling operation as shown in Figure 2.4.

A total of 2'8-1 (= 262,143) scrambling codes can be generated. However, not all
the scrambling codes are used. The scrambling codes are divided into 512 sets each of a
primary scrambling code and each set has 15 secondary scrambling codes. Hence, 8192
scrambling codes are practically used. The set of primary scrambling codes is further
divided into 64 scrambling code groups, each consisting of 8 primary scrambling codes.
Each cell is alocated one and only one primary scrambling code. The CPICH are always
transmitted using the primary scrambling code, and DPCH can be transmitted with either
the primary scrambling code or a secondary scrambling code from the set associated with
the primary scrambling code of the cell [3G213].

The scrambling code sequences are constructed by combining two real sequences
into complex sequences, and these two real sequences are Gold sequences generated from
two binary m-sequences. The two m-sequences, which are labeled as x and y in Figure
2.10, are formed by 18-tap linear feedback shift registers (LFSR’s). The x sequence is
generated by the primitive polynomial 1+X+X2® and the y sequence by
1+ X+ X"+ X%+ X, The initiad conditions for the x sequence and y sequence are
independent of the scrambling code number n. The initial condition of the LFSR for the
x sequenceis X(0)=1, x(1)=x(2)=...=x(17)=0, and that for the y sequenceisal 1.

11
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Figure 2.10: Scrambling Code Generator

The cross-correlation property of Gold sequences is known to be better than true
random sequences [Din98]. The scrambling codes provide not only the low cross-
correlation property, but also low auto-correlation values between the two time-shifted
versions, so that multipaths with different time delays can be resolved. Figure 2.11
shows the auto-correlation property between two time-shifted versions of a long
scrambling code with the spreading factor of 256. The auto-correlation value of the
scrambling code without time-shift is 256 in the figure, while it is nearly zero with any
time-shift. The WCDMA system uses complex valued scrambling codes, which are the
real and imaginary combinations of two Gold sequences, to exploit these correlation
characterigtics.
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Figure 2.11: Auto-correlation property of the scrambling codes

2.3 Modulation

The complex valued chip sequence after the scrambling operation is QPSK
modulated as shown in Figure 2.12.

cos(wt)

real chip sequence ——— Pulse é
P seq shaping

Imaginary chip sequence ——— Pulse
Jnany Cip =& shaping %%

- sin(wt)

Figure 2.12: Modulation

The pulse shaping filter is employed in order to remove intersymbol interference (1S1).
Thus, it is desirable to use a pulse shape whose spectrum drops sharply at the adjacent

13



channels [Raz98]. For example, araised-cosine signal provides atight specturm and 1SI-
free operation. However, in practical systems like WCDMA, the raised-cosine filter is
decomposed into two sections, one placed in the transmitter side and the other in the
receiver side, so that the receiver operates as a matched filter. Figure 2.13 shows the
decomposition of araised-cosine filter into two root-raised cosine filters.

Transmitter Receiver
BasebanL HDetected
Signal JRAISED - COSINE VRAISED - COSINE Signal
Filter Channel Filter

Figure 2.13: Decomposition of a Raised-Cosine Filter into Two Sections

In WCDMA, a Root-Raised Cosine (RRC) filter with a roll-off factor of a = 0.22 is
employed for pulse shaping. The impulse response of the RRC filter isgiven as
. &t o) t &t o)
singp —(1-a)s+4a — cosgp — (L+a):
- g TC ’ TC Sg TC ’

RG,(t) > ?

.2

DO
iy
o—|‘.—+
[WER e
Q- 1O

1 1

where T, = — = -
chiprate 3.84Mchips/sec

» 0.26042ms/ chip is the duration of a chip and

a= 0.22 [3G101]. The impulse response of the pulse shaping filter is shown in Figure
2.14 for the one chip duration, from -T2 to T4/2.
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Figure 2.14: Impulse Response of the Transmit Pulse-Shaping Filter

2.4 Concluding remark

In this chapter, we described the physical layer of WCDMA briefly, and detailed
the spreading and modulation. In the subsequent chapters we present the design of arake
recelver based on the preliminary knowledge covered in this chapter.
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Chapter 3 Channel and Simulation Model

This chapter describes a channel model and simulation models of our rake receiver

for function verification and performance evaluation.

3.1 Channel Model

Transmitted signals propagated through a radio channel are affected by fading.
Two magor physical factors that influence the fading are multipath propagation and the
speed of the mobile. The presence of reflecting objects and scatters in the channel creates
a constantly changing environment that dissipates the signal energy in amplitude, phase,
and time. The relative motion between the base station and the mobile results in a
frequency modulation due to different Doppler shifts on each of the multipath
components [Rap96]. At the recelver front end, the additive white Gaussian noise
(AWGN) isintroduced by the thermal noise of the electric components of the receiver.

Figure 3.1 shows the channel model with four multipaths, which is used for
simulation of our rake receiver. The transmitted signal propagates through four different
time variant channels and produces four multipaths. The rake receiver receives the
multipath signals added with AWGN.

16
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Figure 3.1: Channel model for the simulation

3.1.1 Time-Variant Multipath Environment

As noted, two major factors influence the fading of the radio propagation channel.
One is the multipath propagation, and the other the mobile speed. A multipath signal
propagation through a radio channel is a time-variant channel impulse response and can
be expressed asin (3.1).

clt ;t) :é} a (dt -t,) (3.1)

where {ax(t)} represents a time-variant attenuation factor for the K™ multipath
propagation path and {t\} is the corresponding time delay [Rap96]. As can be seen in
(3.1), the time-variant channel characteristics cause a constantly changing amplitude and
a phase to the transmitted signals, and these characteristics can be statistically modeled
with the Rayleigh distribution. The Rayleigh distribution can be obtained by calculating
the sum of two quadrature Gaussian noise signals.

The second factor affecting fading is the mobile speed. The relative motion
between the base station and the mobile results in frequency modulation due to a Doppler
shift on each of the multipath components. Let the angle between the base station and the

moving direction of the mobile be q. Then, the Doppler shift f4 can be expressed as
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v
f.=—
¢

XCosq (3.2
where v is the constant velocity of the moving mobile and | is the wavelength. When the
angle q is zero, Doppler shift has the maximum value, which isf, (= v/ ).

Therefore, to incorporate a ssimulation environment that contains multipath fading
and Doppler shifts, Clarke's fading model is employed in our smulation [Smi75]. As
shown in Figure 3.2, two independent Gaussian random variables form in-phase and
quadrature-phase fading branches in the frequency domain. Random signals in the
frequency domain are shaped into time domain waveforms with Doppler fading through a
Doppler power spectral filter and the inverse fast Fourier transform (IFFT). Then, a
complex valued Rayleigh fading signal with the proper Doppler spread is obtained at the
output of the channel.

Gausshn DoppErpower FET
random varbks "1 spectalfier v Tial
Fnd Raykigh Fadhg
Am pliude Sgnal
Gausshn | DoppEkrpower _
random varabks "| spectalfier = FFT hage

Figure 3.2: Frequency domain implementation of a Rayleigh fading channel [Rap96]

Rayleigh fading signals with two different mobile speeds, 5 Km/h and 120 Kn/h,
are shown in Figure 3.3 and Figure 3.4, respectively. The mobile speed of 5 Km/h and
120 Km/h correspond to the Doppler frequency of 9 Hz and 222 Hz, respectively, and the
x-axis is the period of 50 ms, which corresponds to 5 time frames. The Rayleigh fading
channel, which is realized by multiplying the value of a complex valued Rayleigh fading
signal by the value of a transmitted signal, causes a time-varying phase rotation and an
amplitude distortion of the transmitted signal.

18



Wagnitude [dB)
: o
— i

=
m

2.5

35 i i i i i i i i i
0

Time (msec)

Figure 3.3: Rayleigh fading signal with the mobile speed of 5 Km/h
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Figure 3.4: Rayleigh fading signal with the mobile speed of 120 Km/h
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3.1.2 Additive White Gaussian Noise

Additive White Gaussian Noise (AWGN) is added to the front end of the receiver.
The signa to noise ratio (SNR) of the recelved signa varies from 0 dB to 12 dB in our
simulation. The variance of the AWGN, s, is fixed to one, thus the noise energy No, that
is 2s?, has the value of 2. Since the noise energy is fixed, the signal energy per hit, E,
varies according to the SNR. In the simulation, the AWGN is added to the signal that
passes through the Rayleigh fading channel. The signal energy per bit E, and per chip Ec
is obtained as follows for agiven SNR in dB assuming without pulse shaping.

SNR_dB° 10logSN\R

AR = 1OS\IR_dB/lO (3'3)
Noting

NR=Ee (3.4)

No

Ep and E. are obtained as

E, =N, *SNR = (23 2)X(109\|R_d3/10) =92 x(lOS\IR_dB/lO) (3.5)

SNR_dB/10
E.=E/SF :dlo—) (3.6)

SF
where SF is the spreading factor.

3.2 Rake Receiver Design

The receiver design should aim the recovery of data from a multipath environment.
The most commonly adopted receiver architecture a multipath environment is a rake
receiver shown in Figure 3.5.
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Figure 3.5: Rake receiver structure

A rake receiver has multiple fingers to resolve multipaths that have different path
delays. A finger receives a signal containing al the multiple paths then processes one of
the multipaths assigned to it. Each multipath has a different distortion that is mainly
caused by the Rayleigh fading, AWGN, and the frequency offset between the transmitter
and the receiver oscillators. Therefore, the received signal of a finger should undergo
phase compensation and frequency offset compensation specific to the multipath as well
as the despreading process. A power estimator measures the signal power of the
multipath to determine if it is strong enough to be considered further. The deskewer
compensates individua multipath delays. After these processes, the multipath path
signals are combined to recover the desired data.

In our research, we consider a rake receiver with four fingers, so that up to four

multipaths can be processed. The process is explained in the following sections.

3.2.1 Received Signal

The transmitted signal for the downlink is expressed in (3.7), where D; and Dy are
the | and Q channel symbols of DPCH, respectively, and P, and Py are the | and Q
channel symbols of CPICH, respectively. Cq isthe OVSF code of DPCH, and C; is the
OV SF code of CPICH. The complex valued scrambling code of DPCH is denoted as
Si 155, and S + ]S, isthe scrambling code of CPICH.
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T +] T,

:(Di >(:d + J >4Dq >(:d)>(sdi + J >6dq)-i_(l:)i >(:p + J ><I:)q >(:p)>(spi + J >6pq)
={(D; *C; S, - DK, 55,) + | XD, XC, Sy, + D, >Cyy X5}

H(RXC S, - BC5S,) + (R XC S, +PCS,)})

(3.7)

Then, the received signa through the channel can be expressed as

R+ xR, = (T + | <T,) X{a >exp(jq)} { exp(jf )} +h,. (3.8)
In (3.8), a and g denote the gain and the phase rotation of the channel due to the Rayleigh
fading, and f is the frequency offset between the transmitter and the receiver. hg
represents the AWGN at the receiver front end. To remove the performance degradation

due to the effects of the Rayleigh fading and the frequency offset, they should be
estimated and compensated.

3.2.2 Despreading

The despreading operation converts the rate of the received signal from the
chipping rate to the symbol rate of a received signal. For despreading, the complex
conjugations of the scrambling codes for DPCH and CPICH are multiplied to the
received signal followed by the OV SF codes. (3.9) and (3.10) indicate the result of the

SF SF SF
despreading operation. In (3.9) and (3.10), § CC =a C,C, @, g CC, @ are
k=1 k=1 k=1

assumed. We ignore the coding gain SF, which is the spreading factor for each channel.
Rumsassron =8, [RAS, - 18,)°C, =200, + 0, fa explia) e )} +h,

(3.9)
Russascoen =8 [RXS, - 19,)°C,]=2(P + 7 fa explia) eep(if )} +h,

(3.10)
Figure 3.6 shows the block diagram of the despreading process. The despread
DPCH and CPICH symbols still contain the effect of AWGN, the Rayleigh fading
channel and the frequency offset. In the following sections we discuss the compensation
for the channel phase rotation and the frequency offset.
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Note: S isthe complex conjugate of S

Figure 3.6: Despreading block

3.2.3 Phase rotation

Since the effect of the Rayleigh fading is dominant on the transmitted signal, a
phase rotation due to the Rayleigh fading channel is estimated first under the assumption
that a frequency offset does not exist. Figure 3.7 shows the performance of a receiver
when the channel is subject to AWGN and the Rayleigh fading, but the receiver does not
have the channel estimator and channel compensator. As shown in the figure, when the
transmitted signal is affected only by AWGN, the rake receiver performance is
acceptable. However, when the transmitted signal passes through the Rayleigh fading
channel, the performance degradation is severe. The receiver fails to recover the desired
data.
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Figure 3.7: Performance without channel estimator and channel compensator

To eliminate the effect of the phase rotation, which is specified as exp(jq) in

(3.9), and to receive the desired data symbols D; and Dg, the complex conjugation of the
phase rotation value, which is exp(- jq), should be multiplied by (3.9). The phase

rotation of the channel can be estimated from CPICH, because the symbol values of
CPICH are aready known. As described in Section 2.1.1.2 and specified in [3G211],
CPICH symbols P; and Py always have the value of 1's.

If the AWGN and the frequency offset are ignored, the despread CPICH, which is
givenin (3.10), can be rewritten asin (3.11).

Riresscrin = 2(R + JP;) @ exp(jq) (311)
Thus, by simply multiplying (B - jxP,), which is (1-j), the phase rotation value,
2a exp(jq), is obtained. The detailed process for the estimation of the channel phase
rotation is provided in Section 3.2.4.
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3.2.4 Channel Estimation

We suggest two different methods for the channel estimation, both explained
below.
Method 1. Use the received signal before the dispreading operation.

The pilot part of the received signal without the frequency offset (i.e. f = 0) is
obtained from (3.8) and isgivenin (3.12).

R+R, = (T + ] 4T,){a exp(jq)} +h, (312)
Since the DPCH and CPICH use different channelization codes, the data symbols D; and
D4 can be removed after applying the CPICH channelization code C, from (3.7). Also, as
the pilot signal values P; and Py are all 1's, the received signal for the channel estimation
can be rewritten asin (3.13).

R+iR

={(C, Sy - C, 58, + 1 XC, S,y +C,, 58, )} {a exp(j)} +h,

=[(C,S, - C,S,)acos(@)- (C,S,, +C,S;)>asn(q)]

pi pg p=pi

+][(C,S, - C,S,)asn(q)+(C,S,, +C,S,)xacos)] +h, (3.13)

p pg p=pi

In order to find the cos(q) and -sin(q) in (3.12), we multiply I% by the CPICH scrambling
codes S, and Syq, respectively. We obtain

RS, =C,>acodq)- C,asn(g)+h, (3.14)
and

R xS,, =-C,acodg)- C,>asn(q)+h, (3.15)
After despreading each of them and ignoring the coding gain of 256, we have

256

a (R >6pi)>(:p =acodg)- asin(q)+h, (3.16)

k=1
and

2° (=~ .

a (R ><3pq)>(:p =-acodg)- asn(q)+h, (3.17)

k=1
Using (3.16) and (3.17), the channel estimation values cos(q) and -sin(g) can be written

as
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3 [~ 3 [~ .
3[R, )c,+& (Rs, Jc, =-2asn{)+h, (3.18)
and

26 1. %6 1.

3R, )c,- & (RS, ), =2 codg)+h, (3.19)

k=1 k=1
The gain or path loss term a is dependent on the path loss of each multipath. The path
loss a should be maintained through the subsequent processes for the case of maximal
ratio combining. The constant gain term 2 is also considered to maximize the coding
gain, which is a shift right 1-bit operation in hardware. Figure 3.8 shows the structure of
channel estimation method 1 without a moving average (which is necessary to account
for the AWGN).

—» - 25>8in(g)+h,

Qo

R0

» 2>a >cos(g)+h,

Fy
1
LN

o i
5 e

Figure 3.8: Channel estimation method 1 without a moving average

Method 2: Use the despread pilot symbols
The second method uses the despread pilot symbols under the same assumption
that the frequency offset does not exist. The despread CPICH symbol shown in (3.10)

can be rewritten as
Riepesa crc
=2(R + jR)%a exp(ja)} +h,
=2(1+ j)fa »coslg) + ja sin(q )] +h,
=2a #{cos(g)- sin(q )} + j{cos(g) +sin(@ )}] +h, (3.20)
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Thereal and imaginary part of the despread CPICH components are

RE{Riepresa cmcrs | = 278 {oos(d ) - sinfa)] +h, (3.21)

IM R corcn } = 228 A{coslg ) +sinfg )]+, (322)
Using (3.21) and (3.22), the channel estimation values cos(q) and -sin(g) can be written
as

Re{Rsvess v |+ MRy s | = 478 >008(d ) +hg (3.23)
and

ReRusprs oo | 1M Risgremcon } = - 420 60(a) +hg (3.24)

Note that (3.18) and (3.23) are different only in the constant gain term 2 and 4 and
likewise (3.19) and (3.24). The second method based on the despread symbol doubles
the coding gain compared with the first method based on the received signal before the
dispreading operation. Note that the channel estimation values of cos(q) and -sin(q) have
the same variable gain term a and AWGN hg. The structure of the channel estimation
based on method 2 is given in Figure 3.9.

Re{lid%pread,CPICH } 4 a >C05(q ) +h0

lm{lid%pread,CPICH} - da >sin(q)+h0

Figure 3.9: Channel estimation method 2 without a moving average

Figure 3.10 shows the simulation results on the performance of the channel
compensation for the two different channel estimation methods without existence of the
frequency offset. The two channel estimation methods are compared with two different
mobile speeds, vehicular speed of 120 Km/h and the pedestrian speed of 5 Km/h. In both
environments, the second method provides twice the coding gain over the first method.
The performance improvement in the case of alow speed mobile is about 20 dB at a high
SNR, which is significant. Since the Rayleigh fading due to the mobile speed is not
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dominant, the gain factor of only 2 improves the performance tremendously as shown in
Figure 3.10.

. . S22 -8 Method 1 with 120kmih
evEyEl Yyl Y] —~— Method 2 with Skm/h
—+ Method 2 with 120km/h

BER

Figure 3.10 Channel estimation method comparison

Now, let us consider the elimination of the AWGN using the moving average
scheme. The moving average scheme is shown in Figure 3.11. ldedly, a complete
removal of the AWGN needs the moving average of an infinite number of symbols,
which is impractical. Therefore, we need to select an appropriate number of symbols for

the moving average that optimizes performance and hardware efficiency.
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Figure 3.11: Moving average structure

As shown in Figure 3.12, two different positions are available for the moving
average. The first position is after the dispreading operation and the second one is after
the calculation of the channel estimation.

Rdﬁdespread ,CPICH} >® > 4>a >COS(Q)
Im{ﬁdeﬁpread,CPICH} 2 -4 ><Sm(Q)
Moving average Moving average
Position 1 Position 2

Figure 3.12: Two possible positions for the moving average in the channel estimation

In order to determine the number of symbols for the moving average operation,
we simulated six different cases, in which the number of symbols for the moving average
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is 2", 0OEn£5. The number of symbols is set to a power of 2 for low hardware
complexity; in such a case a division operation is simply a shift right operation.

First, we estimated the performance of the moving average for Position 1 without
the frequency offset. Figures 3.13 and 3.14 show the performances with six different
moving average lengths. For both low speed and high-speed cases, the BER increases as
the moving average length increases up to four pilot symbols. With moving average
lengths larger than four, the performance degrades in the high-speed mobile case. This
tendency is explained as the mobile speed increases the channel changes rapidly, but a
long moving average length makes the channel estimator slow to respond to rapid
channel change. Also, as the length of the moving average increases, the hardware
complexity increases. Therefore, the moving average length of 4 pilot symbols seems a
good compromise between the performances and hardware complexity for Position 1.

—4— ho maoving average

—== 2 pilot symbol maving average
. . 4 pilat symbal moving average
LT = N eoo2o--| —&— 8 pilot symbal moving average

-'ZZ:_:E:ZZ;C::E:::: 16 pilat symbol moving average B

e —#— 32 pilot symbaol maoving average [

EER

Figure 3.13: Moving average with the mobile speed of Skm/h in Position 1
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Figure 3.14: Moving average with the mobile speed of 120km/h in Position 1

Next, we estimated the performance for Position 2, and the simulation results are
shown in Figures 3.15 and 3.16. As in the previous case, the moving average length of
four seems a good choice for Position 2. We compared the performance of Position 1
and Position 2 for two mobile speeds under the moving average length four, and the
result is given in Figure 3.17. As can be seen in Figure 3.17, Position 1 and Position 2

yied the same performance in terms of the BER.
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Figure 3.17: Performance comparison for the different moving average positions

Position 1 is chosen for our design due to smpler hardware as described next.
First, the magnitude of the inputs to the moving average block is smaller for Position 1
that that of Position 2. This is because the inputs for the moving average for Position 2
are the sums of the inputs for the moving average block for Position 1. Second, the
moving average block can be shared with the frequency offset estimator placed right after
the dispreading block. Therefore, the moving average position of Position 1 reduces the
circuit complexity. The resultant channel estimator that includes the moving average
block isillustrated in Figure 3.18.
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Figure 3.18: Channel estimator

3.2.5 Channel Compensation

Channel compensation operation is to multiply despread DPCH symbols with
[coslg)- j>sin(q)], which is obtained by channel estimation as in (3.23) and (3.24).
Using (3.9), (3.23) and (3.24), the channel compensation result of the DPCH is

Rch_comp, DPCH

= Respresaoren 42 2{c0s{a)- j>sin(a)]

=22 (D, + >0, )exp{j(a + )} 4aexp{- j(a)}+h,

=@ AD, + 0, (i )} +h, (3.25)
As we can observe in (3.25), the channel compensation eliminates the effect of the
channel phase rotation, i.e., the q term. However, the frequency offset and AWGN still
exist. The channel compensation process is ssimply a complex multiplication with an
input 4a ¥cos(g)- j>sin(q)] and isshown in Figure 3.19.

The channel compensation term 4a qcos(g)- j xsin(q)] is obtained from the pilot
channel, and this term is updated at the pilot symbol rate, i.e., every 256 chips. For
example, if the spreading factor of the DPCH is four, the channel compensation term is
updated at every 64 DPCH symbols, which corresponds to one pilot symbol.

The impact of the channel compensation under the Rayleigh fading channel
model is shown in Figure 3.20. The improvement is greater for a mobile speed of 5

Km/h than one of 120 Km/h. Though the performance is improved through the channel
compensation, it is still less effective than the performance in which only AWGN exists.



Rdespread,DPCH 4’®—> & ? >(D| + J ><I3q)>exp{1(f )}

!

4a {cos(g)- jsin()]

Figure 3.19: Channel compensator
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Figure 3.20: Performance of the channel compensation

3.2.6 Frequency Offset Estimation

Like the channel estimation, the frequency offset estimation also uses despread
CPICH symbols. We assume that the moving average removes the AWGN completely.
With (3.10), the despread CPICH symbols can be expressed as (3.26) after the moving
average and by noting P; = Py = 1.
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Riepresa crc

=2(1+ j) {a exp(ja) =exp(jf )}

=2(1+ j)ofa xcoslg +f )+ ja >sin(q +f )]

=2a {codq +f )- sin(q +f )} + j 2a {cos(g +f ) +sin(q +f )} (3.26)
From (3.26), the frequency offset Df can be estimated using the current time n and the

previous time n-1 pilot symbols as shown below.

Ifédespread,CPl CH N xR’ despread,CPICH ,n- 1

- Re{ﬁdﬁpread'cp'c"' '”} XRe{ﬁdﬁpreadeP'CH - 1} + | m{ﬁd%pread,CPICH ,n} X m{ﬁdﬁpread,CPICH n- 1}

* ] ’{I m{ﬁdeepread,CPICH ,n} Re{ﬁdeﬁpread,CPICH " 1} - Re{lidmeadycp,w ,n} X m{lfad eorend CPICH 1 1}]

(3.27)
Therea and imaginary terms are smplified as

Re{R e covrt o RERosaress concs o+ 1M Rusr v of MR conr
=4a* {coslg, +f,)- sinfa, +f, )} {cosla,, +f..)- snfa,., +f,..)}
+4a?{coslg, +f ,)+sn(a, +f , }{cosla, , +f ., )+sin(a,, +f ., )}
=8a 2 xcos(Dq + Df ) (3.28)
IR cocn )RR cmon 1) - REARossvescorrs oM R cmen 1)
=-4a*{coslg, +f ,)- sinfa, +f , }{cosla,., +f ., )+sin(a,., +f ..}
+4a?x{codq, +f,)+sin(, +f , )} {cosla,, +f 1) - snfa,, +f,..)}
=8 2>¢n(Dg +Df ) (3.29)
where Dg = Qn - On1 and Df = f, - f 1. Since the frequency offset Df has a fixed value
and is very small, accumulation of (3.28) and (3.29) terms for several dots influences the
accuracy of the frequency offset as shown in (3.30). Note that the gain term is eliminated
by the division operation in the calculation of tan(Df). Thus, the length of the
accumulator can be as long as needed. In our design, one frame (150 pilot symbols) is
assigned as the length of the accumulator.
_88’sin(Dg+Df ) _ § sin(Dg +Df)

(B )= & e 7scodpa + )~ & cosp +0f)

(3.30)
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The accumulation process also removes the channel phase offset Dg, because the channel
phase rotation is arandom value. Thus, (3.30) can be rewritten as (3.31):
_&sn(or)

~ @ cos(Df )

From (3.31) the frequency offset value Df can be computed by the arc tangent operation
as expressed in (3.32):

tan(DFf ) (3.31)

Df = tan *(tan(DF )) (3.32)
Then, the angle frequency Dw is obtained as
Df
== 3.33
= (3:33)

where Dt is the symbol time interval of the DPCH. Finally, the frequency offset of each
symbol can be computed as

f,=Dwx, (3.34)
wheret, = t,.1 + Dt and t, represents the symbol time. Based on this result, the frequency
offset estimation values of cos(f ) and sin(f ;) can be obtained from a cosine/sine lookup
table.

The structure of the frequency offset estimator is shown in Figure 3.21. Since the
despread CPICH symbols have the AWGN, the moving average is needed. The moving
average implemented in the channel estimator can be shared by the frequency offset
estimator, and this is one reason the moving average block in the channel estimator is
placed right behind the despreading. If the moving average position is select as the end
of the calculation of channel estimation values, we may need a new moving average
block for the frequency offset compensator, and this may cause an increase in circuit
complexity. Also, the division operation and a lookup table in the frequency offset

estimator is very complex in hardware.
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Figure 3.21: Frequency offset estimator
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3.2.7 Frequency Offset Compensation

The operation of the frequency offset compensator is similar to the channel

compensator. The structure is shown in Figure 3.22.

IR:h_comp,DPCH >®—> 8a 2 >(D| + j xDq)
=82 D, + j D, )exp{j(F )} f

(cosf - jsginf)

Figure 3.22: Frequency offset compensator

As shown in Figure 3.22, the frequency offset for the channel compensated DPCH is
removed after the frequency offset compensation, and the desired DPCH symbols D; and
Dq are acquired with a gain term 8a®. The gain term plays a role for the maximal ratio

combiner.

3.2.8 Frequency Offset Compensation with a Channel Compensator

In the uplink, the pilot symbols are time-multiplexed with other control signals,
such as TPC, FBI and TFCI. Thus, for an accurate estimation of the frequency offset, the
channel phase rotation and the frequency offset cannot be processed at the sametime. In
the downlink, however, the pilot uses a separate channel, CPICH, so that it provides
continuous control information. Therefore, this offers a possibility of compensating for
the frequency offset and the channel phase rotation simultaneously. We propose a new
method based on this possibility. We discuss our method below.

After the moving average, (3.10) is expressed as

Rd%rpead ,CPICH ,avg

=2(P + jP,) {a exp(jq) exp(jf )} (Note Pi=Pq=1)
=201+ j)fa xcoslg +f ) + ja >sin(q +f )]
=2 f{coslg +f )- sin(q +f )} + j{codq +f ) +sin(q +f )}] (3.35)
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From (3.35), cos(g+f) and -sin(g+f ) terms are obtained as

Re|Ricpre cricr e + 1M R cricn g = 478 008(g +1 ) (336)
and

Re|Rcprens corcn o)~ 1M Rerens cricn g = - 428 580G +1) (337)

Based on (3.36) and (3.37), we can compensate the channel phase rotation and the
frequency offset smultaneously as shown in Figure 3.23.

Moving average

Re{ Rdespread,CPICH} > of 4 SymbOlS 4>a o ol +f )
Moving average .

IM{ R jepread.cpicrd > of4 symbols 3 -da >S|n(q +f )

(a) Channel / frequency offset estimator

Rjespread.ppcH 4’®—> 8° XD, +j xD,)

|

42 {cos(q +f )- jsin(g +f )|
(b) Channél / frequency offset compensator

Figure 3.23: Simultaneous Channel / frequency offset compensator

The frequency offset compensation performance by the combined compensator is
examined for a mobile speed of 120 Km/h. Figure 3.24 shows the performance of the
combined compensator for the two frequency offsets of 200 Hz and 400 Hz. The BER's
for both frequency offsets are close to that of the zero frequency offset in the figure. The
combined compensator saves the hardware substantially without degrading the

performance in the downlink.
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Figure 3.24: Frequency offset compensation by the combined compensator

3.2.9 Power Estimation

The combiner of a rake receiver adds the multipath signals processed by
individual fingers provided the power level of a multipath signal exceeds a threshold
value. A weak multipath signal is dropped by the combiner to avoid the adverse effects
of weak signals to the overall performance. The process requires the estimation of signal
power for each multipath.

Power estimation for a multipath is performed with the channel / frequency offset
compensated CPICH symbols. (3.38) expresses the power estimation equation.

P, = (RelRumpcmcn ) *+ (IMRompcmcn )] = lE0750,f +[27>0,f  (338)

Figure 3.25 shows the process.
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Figure 3.25: Power estimator

Though the actual estimated power should be (Re{Rmmcp,CH i +(Irn{Rcorm,CPICH 1P the

sguare root operation reduces the circuit complexity in two areas. First, the equation
given in (3.38) can be approximated to an equation (3.39) that does not need
multiplications.

I£\)D = Max[Re{Rcomp,CPl CH }’ I I'n{R:omp,CPl CH }] + % MI n[Re{Rcomp,CPl CH }’ I I'n{R:omp,CPl CH }]

(3.39)
As shown in Figure 3.26, this approximate value is close to the accurate value.
When the compensation is perfect, which means that the AWGN is perfectly removed
and the phase rotation and the frequency offset are completely compensated, the
approximate value has 6 % of error, on average. In the power estimation, the relative
accuracy, rather than the absolute accuracy, is important. Hence, the approximation is
practical.
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Second, the approximate value reduces the number of bits for the representation
of the estimated power. Suppose that the square root is not used. The number of bits
required to represent the value is n+ 2 for an estimated power of 2". However, by taking

the square root value of 2", the estimated power can be expressed with only 2+ 2 hits,

which is dmost haf for a large n. We use the approximated power estimation method
givenin (3.39) for the hardware implementation.

3.2.10 Time Tracker

As described in Chapter 2, the transmitted signals are pulse shaped with a root-
raised cosine filter. The received signal after the pulse shaping is over-sampled eight
times. A time tracker is responsible for tracking the exact sampling point by advancing
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or delaying the sampling points. A rake receiver receives the timing information from a
cell searcher at the ¥2-chip interval. Then, the time tracker performs fine-tuning to
compensate for the Doppler effect with the interval of 1/8-chip using the pilot symbols of
the CPICH.

A time tracker updates the tracking information for every frame in the increment /
decrement of a 1/8-chip interval. Let us check whether the number of the samples per
chip (which is eight) and the updating interval (which is one frame) are sufficient to track
the timing variation due to the Doppler effect. Suppose that the maximum mobile speed
is 250 Km/h, which is 69.44 m/sec. It takes 231.5 nsec for the signal to travel 69.44
meters, which corresponds to 0.89 chip as shown in the following.

_G94AmM _ _ 531 mnsec (3.40)
3X410°m/sec
(3.84x10°chips/sec) (231.5%0°° sec)= 0.89chip (3.41)

Also, the maximum signal change happens when the mobile travels toward the base
station. As a result, the signal changes only 1.78 chips/sec, that is 0.0178 chips/frame.
Therefore, the maximum timing update of 0.125 chips/frame is sufficient to keep track of
the timing variation caused by the Doppler effect.

Figure 3.28 shows a pulse shaped received signal for one chip duration, which is
about 260.4 nsec. The eight points on the waveform indicate the sampling points. Three
consecutive samples among the eight samples are called early, on-time, and late, and are
used to calculate the powers of the late and early pilot symbols. The objective isto place
the on-time sample at the peak of the chip waveform through advancement / delay of the
sampling points. If the power of the early symbol is greater than the power of the late
symbol, as shown in Figure 3.28 (a), the sampling timing is delayed by 1/8-chip. On the
other hand, if the late symbol has a larger power level than the early symbol, as shown in
Figure 3.28 (b), the timing should be advanced by 1/8-chip.
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Figure 3.28: Early and late timing comparison

Figure 3.29 shows the structure of the time tracker. The time tracker receives the
early and late despread CPICH pilot symbols, and calculates the power of each symbol.
The difference of the early and late powers is applied to a second—order loop filter. The
loop filter behaves as a lowpass filter, which removes any burst noise. Then the
accumulator sums up the difference during one frame, and the accumulated difference is
compared with a threshold value. If the accumulator output is positive and exceeds the
threshold, the sampling timing is advanced by a 1/8-chip interval. If the accumulator
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output is negative and its absolute value exceeds the threshold, the sampling timing is
delayed by a 1/8-chip interval. The result is sent to the control block to generate the
necessary control signals, which are applied to the clock generator. Details about the
clock generator are covered in Chapter 4.
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Figure 3.29: Time tracker
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The second-order loop filter in the time tracker consists of two paths, which are a
proportional path and an integral path. From control theory, it is known that a
proportional path tracks out a phase error, but not a frequency error. A loop filter
containing an integral path is needed to track out a sampling frequency error [Lit0O1]. The
loop filter in Figure 3.29 has a proportional path and an integral path for these purposes.

To determine the two coefficients, K; and K, we use an equivalent linear model
of the loop filter that is shown in Figure 3.30. The timing error e, which is proportional
to the difference of the power between the early and late symbols, is represented as
(1- z'l)2

42
1+(K, - 2)z1+(1- K, +K,)z? (342

e=g

Coefficients K; and K, determine the loop bandwidth. If the loop bandwidth is high, the
time tracker tracks the sample drift rapidly, but the time tracker can cause an unnecessary
increment or decrement in timing. If the loop bandwidth is low, the tracking speed is
slow, however, it eliminates the previous problem. The calculated loop bandwidths for

various coefficient sets are given in Table 3.1.
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Figure 3.30: Equivalent linear model of the loop filter
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Table 3.1: Loop bandwidth accroding to K; and K, [Neo0O0]

Loop bandwidth | K; | Kz
13 2° 2"
30 212"
60 2t 2"
120 2’2"

Since the loop filter behaves as a low pass filter, a straightforward low pass filter
may be used instead of the loop filter. In this case, the maximum input frequency for the
low pass filter should be 150 KHz, because the power difference can change its sign at
most 150 (=38400/256) times during one frame period. Therefore, if the cutoff frequency
of the low pass filter is lower than 150 KHz, the time tracker removes unwanted noise.

3.2.11 Deskewer

A deskewer is a series of buffers that compensate for multipath delays. The
deskewer is not explicitly implemented in our simulation. Details on the deskewer are
discussed in Chapter 4.

3.2.12 Combiner

A combiner adds up the multipath signals of the fingers. As noted earlier, the
combiner discards weak finger outputs. Since we employ maximal ratio combining, the
energy level of a finger output is weighted during combining. Therefore, a stronger
signa has more impact on the decision process.

3.2.13 Finger structure

Figure 3.31 shows the overall structure of afinger whose components are covered
in previous sections. Early and late CPICH signals are despread for time tracking, and
on-time CPICH signals are despread for channel estimation and power estimation. The
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DPCH signal is despread, and then compensated to eliminate the effect of the Rayleigh
fading and the frequency offset. The resulting DPCH symbols are sent to the deskewer to
compensate the multipath delays for combining. The result of power estimation is sent to

the combiner to determine whether the deskewed data symbol is combined or not.
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Chapter 4 VHDL models

Based on the specifications of WCDMA systems and the MATLAB simulation
results described in Chapter 3, we implemented a rake receiver in VHDL. The VHDL
models for the rake receiver include:

demodulators,

a channel-frequency (CF) estimator,

a compensator,

afreguency offset estimator,

apower estimator,

atime tracker,

a deskewer,

a combiner,

aSRAM controller,

aclock generator,

acontrol signal generator,

OV SF code generators,

scrambling code generators,

an interface unit
In the VHDL models, the deskewer, the combiner, and the SRAM controller are
combined together into a deskew-combiner. The OV SF code generator, the scrambling
code generator, and the interface unit are not discussed, as they are not the focus of this
thesis.

Figure 4.1, which is similar to Figure 3.5 in section 3.2, shows a rake receiver
structure, which does not include the interface unit and externa memory. The rake
receiver has four fingers to process four multipaths. The received train of chipsis stored
in the input buffer, and three consecutive chips, which are early, on-time and late chips,
are applied to the fingers simultaneously. Each finger processes a multipath, and the
deskew-combiner generates the combined symbol sequence from the finger outputs. In
the following subsections, the operation of internal blocks is explained.
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RAKE RECEIVER
DESKEWER
RESET
MULTI-FINGER GEN
EARLY_I/Q I
> FINGER 1
—>
OVER-
ONTIME_I/
SAMPLED | | INPUT _IIQ FINGER 2
CHIP BUFFER |
SEQUENCE DESKEW -
COMBINER
LATE_I/Q FINGER 3
FINGER 4
>
-
\
Figure 4.1: Rake receiver structure

4.1 Input buffer

> DATA

The input buffer has two groups of shift registers as shown in Figure 4.2, one of

which is for the | channel and the other for the Q channel. The rake receiver employs a
6-bit ADC to quantize the received signals, which is typical for WCDMA systems. The

ADC of the receiver samples the received signal at a sampling rate of eight times the

chipping rate, the input buffer receives the input sequence at every 1/8 chip and stores the

data in the late register first, then shifts the existing data to the on-time and early

registers.
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> ONTIME._|
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- » EARLY_Q
» ONTIME_Q
> LATE_Q

Figure 4.2: Input buffer

4.2 Finger

Figure 4.3 shows the structure of afinger. Each finger receives the early, on-time
and late samples. The 1/O signals, including clock signals and control signals for each

component, are discussed in the following.
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Figure 4.3: Interna structure of afinger

4.2.1 Clock generator (CLK_GEN)

The clock generator generates areset signal for internal blocks, the clock signal at
the chipping rate and four control signals for the blocks of the finger. Four factors
determine the time offset value for the clock. They are a 10 msec synchronization signal,
the time offset determined by the base station, the multipath delay, and the fine time
tracking signal. A mobile receives a synchronization signal from the base station through
the synchronization channel in every frame, i.e, a every 10 msec, and it is named
SYNC_10M in our VHDL code. Thetime-offset valueis the difference between the base
station and the mobile covered by the base station, and it is in a 1/8-chip timing
resolution. Also, the cell searcher computes the multipath delay in Y2-chip timing

accuracy. The clock generator receives the combined time offset, TIMEOFF_SC, with



the resolution of 1/8-chip from the cell searcher, and the combined offset is the sum of
the time offset of the base station and path delay. The time tracker sends the tracking
result LEAD_LAG to the clock generator. The starting point of the frame is calculated
from these three signals, SYNC_10M, TIMEOFF_SC, and LEAD_LAG.

Since the finger starts the demodulation at the calculated frame starting point, the
clock generator generates main clock signals in advance of the start of a frame for
initialization and preparation for the demodulation. The detailed operations of the clock
generator are described in the following sections.

4.2.1.1 1/0O signals of the clock generator

Figure 4.4 shows the 1/O signals of the clock generator, and Table 4.1 gives the
role of each I/O signal. The clock generator receives eight inputs and sends six output
signals. RESET is the reset signa for the entire rake receiver, and CHIPX8 is the clock
signal from the local oscillator with a frequency of 30.72 MHz. One CHIPX8 cycle
corresponds to the 1/8 of chip duration. SYNC_10M is the synchronization signal that
ticks at every 10 msec. START_USER and FINGER LOCK determine whether the
mobile is turned on whether and the particular finger is locked for processing,
respectively. Therefore, both signals should have the value ‘1’ to operate a finger, which
signals the internal signa START to ‘1. TIMEOFF _FAIL_RECOVER is a user’s
optional setting for the recovery of the failed time offset; and the failure of the time offset
isdiscussed in detail later. As described earlier, TIMEOFF_SC is the combination of the
multipath delay of the cell searcher and the time-offset between a base station and the
mobile, and LEAD_LAG isthe time tracking result.
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reset

chipx8

sync_10ms

start_user
finger_lock
timeoff_cs
timeoff_fail_recover
lead_lag

—

—>

—

—

—
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—

2

reset_sys

— chipx1
— frame_edge_code
Clock —— start_code_gen
Generator — timeoff_fail
— time_req

Figure 4.4: Clock generator

Table 4.1: 1/0 signals in the clock generator

Signal name I/O | Bit | Function
Reset I 1 | Resetsthe entire system
Chipx8 | 1 Main clock from the local oscillator (30.72 MHz)
b which is eight times faster than the chipping rate
10 msec synchronization signa from the synchronize
Sync_10m I 1 channel
Active high, when there is a call request and the rake
Start_user 1 | receiver in the mobile is turned on to receive the
signal
Finger lock | 1 ﬁ(t)?tes if the finger is assigned to a multipath signal or
Timeoff fail_recover | | 1 %ﬁr:ettmg for the recovery option of the time offset
Timeoff sc | 1 Time offset from the cell searcher. Thisincludes the
— time-offset assigned by a connected base station
Lead_lag I 2 | Finetime tracking resulting form the time tracker
Reset sys O | 1 | Resetsignal for the blocks of the finger
Chipx1 O | 1 | Chipclock (3.84 MHz)
Frame edge code O | 1 | Frame edge for the code generators
Start_code gen O | 1 | Enablesignal for the code generator
. Requests the fine time tracking result at the end of
Time req O] 1 every frame
. . Interrupt signal to DSP as the result of afailure to
Timeoff_fal 01 resolve the time-offset

56




4.2.1.2 Finite state machines

The operation of the clock generator is controlled with a finite state machine
consisting of five sub state machines. We start with the main state machine, which is

labeled as operation state machine.

4.2.1.2.1 Operation state machine

Figure 4.5 shows the operation state machine. To start the operation of the finger
upon the arrival of the first chip of a frame, we need to resolve the starting point of the
first CIHIPX1 in advance based on the received timing information such as SYNC_10M,
TIMEOFF_SC and LEAD_LAG. The first CHIPX1 clock should be generated eight
CHIPX8 clock cycles before starting demodulation, to initialize the system and generate
the OV SF codes and scrambling codes which are used for the first data chip. Since the
calculation of the time offset value typicaly takes seven CHIPX8 clock cycles, the
calculation process should start 14 CHIPX8 cycles before the frame edge to reflect the
proper time offset delay from the frame edge.

The frame counter, F_CNT, counts the number of 1/8-chips during one frame from
the detection of the synchronization signal. F_CNT counts from zero to 307199
(38400*8-1). Therefore, the operation state machine makes its state transition, from the
initial state INITIAL to TIMEOFF _REQ state, when F_CNT has the value of 307185
(307199-7-7). Thisis 14 CHIPX8 cycles ahead of the next expected SYNC_10M signal
detection. The following state changes are shown in Figure 45. In the
LOAD_TIMEOFF state, the counter for the time-offset, TIMEOFF_CNT, is set to zero,
and the user setting for failure to recover, TIMEOFF_FAIL_RECOVER, and time
tracking result, LEAD _LAG, are loaded. After loading TIMEOFF_SC, if a cell searcher
time-offset is different from the previous one, the flag for the use of time tracking resuilt,
TRACK_OFF, is set to ‘1. The desred time offset value is caculated in the
CALC TIMEOFF state. The detailed time offset calibration method is covered in
Section 4.2.1.3. Inthe COUNT_TIMEOFF state, the value of TIMEOFF_CNT increases
by one at every CHIPX8 until its value is equal to the calculated time offset value. When

the time-offset counter reaches the same value with the calculated time-offset value, the
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state changes to CLK_START to launch CHIPX1 generation. Specifically, the first
generated CHIPX1 clock is for the initialization and code generation of the code
generators. Then, the state is set back to INITIAL. All of the described operations,
including the state transitions, are effective only when the START signal is high.

IF {f_cnt = 38399*8 - 7}

Timeoff

M <: 13 L
time_req req

IF {timeoff_cnt = timeoff_reg}

Waiting
timeoff

Timeoff_cnt
<=timeoff cnt+1

time_req <=0’

Load
timeoff

timeoff_cnt<=0

Figure 4.5: Operation state machine

4.2.1.2.2 Frame state machine

The finger receives a synchronization signal as a reference for the timing. The
frame state machine controls the frame counter for the counting of CHIPX8 cycles
according to the detection of the SYNC_10M signal. Figure 4.6 shows the frame state

machine.
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In the INITIAL_WAITING_SYNC state, the finger waits for the SYNC_10M
signal, which is active low. When the falling edge of SYNC_10M is detected, the frame
counter F_CNT is set to zero, and the state changes to SYNC_DETECTED. In the
SYNC _DETECTED state, the frame counter starts counting CHIPX8 cycles and if
SYNC _10M goes to high, the state is changed to WAITING SYNC. In the
WAINTING_SYNC state, F_CNT continues counting CHIPX8 cycles and waits for the
next SYNC_10M’sfaling edge. When the finger detects the falling edge of SYNC_10M

again, F_CNT is reset to zero, and the state is changed to SYNC_DETECTED. This
process repeats.

Initial
waiting
sync

IF{sync_10m =07}

f cnt<=0
IF{sync_10m =17
Sync
detected
IF {sync_10m =0}
f cnt<=f cnt+1 f cnt<=0 f cnt<=f cnt+1

Figure 4.6: Frame state machine

4.2.1.2.3 Reset state machine

The reset state machine controls the RESET_SYS signal through the START
signal, which is START USER & FINGER LOCK, where & denotes the AND
operation. Thus, a START signa of ‘1" implies that the finger is operating.
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RESET_SYS is RESET & RESET_SIG, where RESET is the external reset signa and
RESET_SIG istheinternal reset signal, which is handled by the reset state machine.

Figure 4.7 shows the reset state machine. This state machine starts from the
START_DEACTIVATED state. In this state the internal signal RESET _SIG isset to 1
to make the system reset signal, RESET_SYS, 1. It means that the system is ready to
operate as soon as START changes to 1. If START changes to 1, the state changes to
START_ACTIVATED, and the finger is ready to operate. When START changes to O,
which means that the mobile is turned off or the cell searcher has lost the connection with
the base station, RESET_SIG is set to 0 and thus RESET_SYSisaso set to 0. Asa
result, the whole finger operation is reset and the state changes to
START_DEACTIVATED.

An individua finger can lose the link with the base station irregularly even though
the mobile has open traffic, because the multipath fading environment causes a different
path condition for each finger. If afinger has lost the connection to the base station, it is
said that the finger is unlocked. Even in the case that a finger’s condition changes from
unlock to lock in the middle of a frame, the finger's operation should start at the
beginning of a frame. This is because a finger's interna operation including the code
generations has a period of one frame. Therefore, we generate the RESET_SY S signal to
reset the internal blocks of the fingers before the start of aframe.
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reset_sig <= ‘1’

Start
deactivated

IF {start ='0}

reset_sig <= ‘0’ IF {start =1}

Start
activated

Figure 4.7: Reset state machine

4.2.1.2.4 Frame edge state machine

The Frame edge state machine generates FRAME EDGE CODE and
START_CODE_GEN signals at the starting point of a frame to signa the code
generators to start making the proper codes in advance of one CHIPX1 cycle of the
demodulator’ s operation.

Figure 4.8 depicts the frame edge state machine. It starts with the INITIAL state.
When the operation state machine finishes the count of the proper time offset value,
FRAME_EDGE_CODE is set to 1 to report to the code generator the start of a new frame
and make the code generator start the code generation with a new seed value. If the
coming frame is the first frame for afinger, START_CODE_GEN is set to high to enable
the code generation. Then, the state is changed to HOLDING for a CHIPX1 clock signal
to be able to see the FRAME_EDGE_CODE signal’s status. In the next CHIPX8 cycle,
the state is changed to FRAME_EDGE_RESET and FRAME_EDGE_CODE is set back
to 0. Then, the state is goes back to INITIAL. This process repeats.
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IF {op_state = count_timeoff
and
timeoff_cnt = timeoff_reg}

frame_edge _code <= ‘1’
start_code_gen <= ‘1’

l

Holding

frame_edge _code <= ‘0’

Figure 4.8: Frame edge state machine

4.2.1.2.5 Chipx1 state machine

The Chipx1 state machine generates the chip clock signal CHIPX1 from the 1/8-
chip clock signa CHIPX8 for the finger operation. Figure 4.9 shows the chipxl state
machine. In the INITIAL state, when the operation state machine indicates the timing
for the start of the clock generation, the chip timing clock signa CHIPX1 is generated
and the CHIPX8 counter CLK_CNT isreset. The state changes to FREE_RUN. Once
the state changes to FREE_RUN, the CHIPX1 clock is generated; when the operation
state is CLK_START or every eight CHIPX8 cycles if the chipx1l count state is not
HOLD.
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IF {op_state = clk_start}
chipxl <=1’
clk_cnt<=0

Figure 4.9: Chipx1 state machine

4.2.1.2.6 Chipx1 count state machine

The Chipxl count state machine is used to prevent the CHIPX1 clock from
exceeding the maximum value of 38400 cycles within a frame through counting the
number of generated CHIPX1 cycles. The accidental generation of a CHIPX1 cycle can
be caused mainly by two reasons. One is inaccurate local oscillator frequency and the
other is imperfect synchronization information from the synchronization channel. The
accidental CHIPX1 clocks can ruin the finger's internal operations, thus the number of
generated CHIPX1 cyclesis counted.

Figure 4.10 shows the chipxl count state machine. The state is changed from
INITIAL to FREE _RUN at the first CHIPX1 clock generation, and the chipx1 counter
does not count this cycle, because the first CHIPX1 clock is for the code generators in
advance of the data frame start. In the FREE_RUN state, the CHIPX1 counter counts
every CHIPX1 cycle, and if the counter value is 38399, which is the maximum number of
CHIPX1 cycles during a frame, the state changes to HOLD. In the HOLD state, the
CHIPX1 generator does not generate CHIPX1 clock signal but waits until the operation
state indicates the CHIPX1 generation for the new frame, which is CLK_START of the
operation state. At that moment, the chipx1 count state is changed to FREE_RUN again
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and CHIPX1 CNT is set to the largest value, which is all 1's, so that in the FREE_RUN
state CHIPX1 CNT can start from the value O for the new frame.

IF {chipx1 =1}

IF {op_state = clk_start}
chipx1l_cnt <="all 1's"

IF {chipx1_cnt = 38399} chipx1_cnt <= chipx1_cnt + 1

Figure 4.10: Chipx1 count state machine

4.2.1.3 Calculation of the time offset

The time-offset information, which is loaded when the operation state is
LOAD_TIMEOFF, is used for the calibration of the time-offset value in the
CALC_TIMEOFF state. The calculation of the time-offset value is different for varying
gituations. There are two control parameters for the calculation options. One is
TIMEOFF_FAIL_RECOVER and the other is TRACK _OFF.

When the calculated time offset value is larger than 38400*8 or less than zero,
which results in that the calculated current frame's starting point is over the boundary of
current 10 msec synchronization period, we say time offset adjustment has failed. When
time offset adjustment has failed, we have two choices according to the user defined
setting TIMEOFF_FAIL_RECOVER. When the recover flag is on, the time offset value
is recovered to the time offset value received from the cell searcher, ignoring the result
from the time tracker, but when the recover flag is off, the time offset value follows the

previous time offset, which is adopted for the previous frame. The recover flag



TIMEOFF_FAIL_RECOVER is user defined, thus can be changed by the higher layer's
decision.

If the time offset given by the cell searcher is changed, the time tracker output
will not acknowledge the time offset by setting the track flag TRACK_OFF as on,
because when the major time offset is changed the fine tracking result is no longer valid.
The track off flag will be set to low to adopt the time tracking result if the time offset
value currently received from the cell searcher is the same as the previous value.

4.2.1.4 Timing diagram

Figure 4.11 shows an example waveform of the dock generator. We assume that
the received SYNC_10M is the third one, thus RESET_SYS and START_CODE_GEN
have already been generated when the first SYNC_10M isreceived. START_USER and
FINGER_LOCK are aso assumed to be 1's, which means that the finger islocked by cell
searcher and properly working. In this example waveform, the time-offset information
TIMEOFF_SC is 2 and the time tracking result LEAD_LAG islag. Thusthe clock signal
CHIPX1 should be generated when the frame counter F_CNT is 3, and this results in the
generation of the first CHIPX1 of this frame occuring when the F_CNT is changed to
307195, which is 307199-7+3.
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chipx8

symc_10m
f_cnt
[ 307184 [ 307185 | 307186 | 307187 [ 307188 | 307189 | 307190 | 307191 | 307192 [ 307193 | 307194 | 307195 [ 307196 | 307197 [ 307198 [307199] o0 [ 1 [ 2 3 ]
f_state
waiting_sync [ sync_detected
op_state
timeoff | waiting load calc . clk
initial req timeoff | timeoff | timeoff count timeoff start initial
timeoff_cnt
3 0 I 1 I 2 [ 3 4
time_req
frame_edge_code |
The first chipx1 of this frame is generated
¥ when f_cnt is 307195 (307199-7+3)
chipx1
clk_cnt
[ 6 [ 7 [ o [ 1 [ 2 [ 3 [ 4 [ 5 [ 6 [ 7 [ o [ 1 [ 2 [ 3 [ 4 [ 5 [ 6 [ 7 [ 0 ]
Note

1. time offset condition: timeoff_sc = 2 and lead_lag = lag
2. start_user = ‘1" and finger_lock = ‘1’

Figure 4.11: Waveform of the clock generator
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4.2.2 Control generator (CTRL_GEN)

The control generator generates the control signals for the entire finger block,

except the code generators referring to the signals generated by the clock generator for

the finger operations. Figure 4.12 and Table 4.2 shows the input and output signals for

the control generator.

reset_sys —» T» sf_frame

start_code_gen ——» — clk_sym
frame_edge_code ——» —> clk_sym_pl

chipxl —| Contol 1 | hiok pl

P Generator Px_p
chipx8 ——» —— start_demod
sf ref T» — start_comp

sf_pl_ref T» — start_avg

Figure 4.12: Control generator

Table 4.2: 1/0 signals in the control generator

Signal name 1/O | Bit Description
Reset_sys I 1 | Reset signal for the inner system of the finger
Start_code gen I 1 | Enable signal for code generator
Frame edge for the code generators. It is considered as
Frame edge code | | 1 | an indicator of the initialization to be prepared for the
next frame.
Chipx1 I 1 | Chip clock (3.84 MHZz)
Chipx8 I 1 | /8 chip clock (30.72 MHz)
Storef I 8 | Spreading factor for the DPCH
St pl ref I 8 | Spreading factor for the CPICH
Sends DPCH spreading factor information to the deskew-
St _frame O | 8 combiner
Enable signal for the load of the DPCH symbol for the
Clk_sym 01 following blocks after the demodulation
Clk_sym pl ol 1 Enable signal for the load of the CPICH symbol for the
- following blocks after the demodulation
Clock signal for the load of the moving-averaged CPICH
Chipx_pl O | 1 | symbol for CF estimator, power estimator and frequency
offset estimator (15 KHz)
Start_demod O | 1 | Enable signal for the demodulator
Start_comp O | 1 | Enable signal for the compensator
Start_avg O | 1 | Enablesigna for the moving average
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After the reset of the entire finger's individual blocks by RESET SYS,
START_CODE_GEN informs the start of the code generation. This is the first control
signa coming into the finger, thus other control signals that indicate the start of any
operations will follow START_CODE_GEN. At that moment, which is nine CHIPX8
cycles ahead of the frame starting point, FRAME_EDGE_CODE initializes the finger by
loading the spreading factor for the DPCH and CPICH.

When the initialization is finished, the control generator generates S FRAME to
give the DPCH spreading factor information for the deskew-combiner. Let us assume
that the time-offset is zero. On the first rising edge of CHIPX1, if the code generator is
enabled, which means that START_COED_GEN is‘1’, START_DEMOD is aso set to
‘1’ so that the demodulator can read the enable signal START_DEMOD and know that
demodulation is ready for the first CHIPX1 cycle after the falling edge of
synchronization signal. At the next CHIPX1 cycle, START_COMP is set to ‘1’ if the
demodulator is enabled and the first chip is demodulated, then at the next CLK_SYM, the
loading of the first DPCH symbol is possible in the compensator. START_AVG isaso
generated at the same time so that at the next CLK_SYM_PL the loading of the CPICH
symbol can be performed in the moving average block.

The CLK_SYM signa is generated at the end of a DPCH symbol to notify that
demodulation for one DPCH symbol is finished. Also, at the end of a CPICH symbol,
CLK_SYM_PL is generated to notify that one pilot symbol is generated. After the
generation of CLK_SYM _PL, aclock signal CHIPX _PL is generated for the load of the
moving averaged CPICH symbols in the CF estimator, frequency offset estimator and
power estimator. The waveform for the whole process of the control generator isgiven in
Figure 4.13 regarding the starting part of a frame and Figure 4.14 regarding the first
CPICH symbol’ s generation part.
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sync_10m

frame_edge_code

start_code_gen

Start demodulation
If start_demod = ‘1’

~

chipd [ | T m m m u M
!
1
1
i 1
start_demod
clk_sym_cnt
1 2 3 \ 4 1 2 3 \
Start accumulation _ Start compensation
If start_demod = ‘1’ If start_comp = ‘1’
clk_sym and clk_ sym ="'1’ and clk sym = ‘1’
clk_sym pl_cnt '
1 2 3 4 1 2 3

clk_sym_pl

start_comp

start_avg

Figure 4.13: Waveform of the control generator that shows the starting part of aframe. DPCH spreading factor is4. The control

signals clk_sym, clk_sym pl, start_demod, start comp and start_avg are generated on the rising edge of the clock signal chipx1.
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sync_10m

[
frame_edge_code| |
start_code_gen|
chipx@ [T [TITILILL LT LT s LA P A PP P PP PP
Start demodulation
If start_demod = ‘1" - ]
chipd | | iy R N N N N
start_demod S R
clk_sym_cnt 1 [ 4 1 2 3
Start accumulation
If start_demod = ‘1’
clk_sym \ and clk_sym =1’ |
clk_sym_pl_cnt 1 [ [ [ 256 [ 1 [ 2 3
Start moving average o
If start_avg = ‘1’ and clk_sym_pl=‘1" 'y
ck symp- ‘ |
start_comp [
start_avg [ ]
Start estimation
chipx pt

Figure 4.14: Waveform of the control generator that shows the starting part of a frame and the ending part of the first CPICH symbol.

DPCH spreading factor is4. The clock signal for the load of moving averaged CPICH symbol in the estimators, cihpx_pl, is
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4.2.3 Demodulator (DEMOD)

A demodulator performs the despreading operations. Only on-time chips are
demodulated for the recovery of the desired symbol of the DPCH. However, early and
late samples are also demodulated as well as the on-time samples for the CPICH. Thus,
aswe can seein Figure 4.3, afinger needs four copies of the demodulator.

The inputs to the demodulator are the received chip sequence, the OVSF code,
and the scrambling code. Figure 4.15 shows the demodulator for one channel. S | and
S Q represent the real and imaginary part of the scrambling code, and C denotes the
OV SF code.

» demod i

v
T Qo

Ly

~
=~

7 +log, SF->9

» demod_q

v
T Doy

Ly

7 +log, SF ->9

~
=~

Figure 4.15: Demodul ator

The demodulator uses the CHIPX1 clock for the operation. Therefore, it receives
the chip sequences every CHIPX1 and outputs the symbols at every CLK_SYM (or
CLK_SYM _PL). Thel/O signas are described in Table 4.3.
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Table 4.3: 1/0 signals in the demodul ator

Signal name 1/O | Bit Description
Reset_sys | | 1 | Reset

Start_demod I 1 | Enable signal for the demodulator
Frame dege code I 1 | Frame edge for the code generators
Chipx1 I 1 | Chip clock (3.84 MHZz)

Clk_sym | 1 Enable signal for the load of every DPCH (CPICH)
(clk_sym pl) symbol

St ref I 8 | Spreading factor

R i I 6 | | channel chip

R g I 6 | Q channe chip

S I 1 | Red part of scrambling code

S q I 1 | Imaginary part of scrambling code
C I 1 | OVSF code

Demod | O | 9 | I channd symbol

Demod g O | 9 | Qchannel symboal

4.2.3.1 Output bit truncation

As we can see in Figure 4.15, the output bits are truncated to 9 bits. Without the
bit truncation of the output, the outputs of DPCH demodulation have variable length from
9 bits to 16 bits according to the spreading factor, which vaies from 4 to 512. The
demodulator outputs of CPICH have 15 bits. The easiest way is to use the maximum
length of 16 bits for the outputs, at the cost of a large die area. Since DEMOD | and
DEMOD_Q are used for the computations and estimations in the following operationa
blocks, we truncate the output bits as small as possible without any serious performance
loss.

Figures 4.16 to 4.23 show the performance comparison with the different bit
truncation for al spreading factors. They provide the performance loss in dB scale
compared with the performance without truncation. Let us consider the case for the
spreading factor of 512 shown in Figure 4.23, because it needs the larges bit truncation
and thus incurs the largest performance loss. The maximum performance loss due to the
truncation is 1.0302 dB for the 8-bit output case and the average performance loss is
0.8312 dB, while the 9-bit truncation incurs the maximum 0.3690 dB and average 0.2513
dB of performance loss. The increase of the circuit area from 8 bitsto 9 bits is significant.
However, 9-bit output achieves 30.23% better performance than 8-bit output. Thus, the
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output length for the proposed demodulator is truncated to 9 bits Note that 9 bits are
sufficient for the spreading factor 4. The performances of 8-bit and 9-bit outputs are
tabulated in Table 4.4.

Table 4.4: Performance degradation with differing output bits for the demodulator

Performance loss (dB)
Spreading Factor 8-bit output 9-bit output
Average | Maximum | Average | Maximum
4 0.0689 0.1303 0 0
8 0.0755 0.1642 0.0256 0.0930
16 0.0586 0.1178 | -0.0056 | 0.0471
32 0.1394 0.2567 | -0.0079 | 0.1369
64 0.1603 0.3354 0.0203 0.1957
128 0.2145 0.2527 0.0274 0.0981
256 0.3638 0.4266 0.0870 0.1124
512 0.8312 1.0302 0.2513 0.3690

Despread output bit truncation with Spreading factor 4

1I:I ___________ I | BT R T I I ]
e —#— no hit truncation: Shit output [
e emmbmieoiicveioo-oooo) === 1 hit truncation: Shit outpat
........... et e 2 hit truncation: 7hit output
SIS S — 3 hit truncation: Bbit output

Figure 4.16: Bit truncation of demodulation output with spreading factor 4
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Despread output bit truncation with Spreading factor 8

0
1I:I ____________ R I T R i, I I T i
------------ po---------ro-o---o---- | —— o hit truncation: 10bit output
S S 1 bit truncation: 9bit output |1

............ b eeeiiiteeeeooo_.| =&~ 2 bit truncation: Bbit output |
N S S 3 hit truncation: 7hit output _
: : —= 4 bit truncation: Bbit output

Figure 4.17: Bit truncation of demodulation output with spreading factor 8

Despread output bit truncation with Spreading factor 16
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—#— no bit truncation: 11hit output
1 bit truncation: 10bit output

—=— 2 hit truncation: 9bit output i

—&— 3 bit truncation: 8bit output i
4 hit truncation: 7hit autput

—=- & bit truncation: Bbit output

BER

SNR (dE)

Figure 4.18: Bit truncation of demodulation output with spreading factor 16
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BER

Figure 4.19: Bit truncation of demodulation output with spreading factor 32

10

10

Figure 4.20: Bit truncation of demodulation output with spreading factor 64

Despread output bit truncation with Spreading factor 32
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T —#— no bit truncation: 12bit output
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' & bit truncation: 7hit output

—E & bit truncation: Bbit autput

Despread output bit truncation with Spreading factor 54
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Despread output bit truncation with Spreading factor 128

1|:| ___________ I | BT R I I I
pimartn s e L —4— no hit truncation: 14bit output
SO | SO B 4 bit truncation: 10bit output
___________ e eeeeiheeeaceo.o| =% 5 hit truncation: hit output

—=— 6 bit truncation: Bhit output

7 bit truncation: 7bit output

__________________________________
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—————————————————————————————————————————————————————————————————————

Figure 4.21: Bit truncation of demodulation output with spreading factor 128

Despread output bit truncation with Spreading factor 200
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Figure 4.22: Bit truncation of demodulation output with spreading factor 256
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Despread output bit truncation with Spreading factor 512

1|:| ___________ I | BT R I I I
e e —— no bit truncation: 16bit output
S S B bit truncation: 10bit output
........... b eeeeiheeeeceea| =% 7 hit truncation: hit output

1 SN —&- 8 bit truncation: Bbit output
: 9 bit truncation: 7bit output
________________________________ —= 10 bit truncation: Bhit output

Figure 4.23: Bit truncation of demodulation output with spreading factor 512

4.2.4 Moving average block (AVG)

The moving-average of CPICH symbols are used for the CF estimator, frequency
offset estimator and power estimator. Since the moving average length is determined as
4 CPICH symbols, the accumulated values are 2-bit right shifted. Figure 4.24 shows the
block diagram of the moving average block. This block receives the CPICH symbol at
every CPICH symbol enable signal, CLK_SYM_PL, and outputs the moving averaged
value. Thel/O signals are described in Table 4.5.
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Figure 4.24: Moving average block

Table 4.5: 1/0 signas in the moving average block

Signal name | 1/O | Bit Description

Reset_sys I 1 | Reset

Start_avg I 1 | Enablesigna for the moving average

Chipx1 I 1 | Chipclock (3.84 MH2z)

Clk_ sym pl || 1 | Enable signal for the load of every CPICH symbol
Pl _demod | || 9 | I channel CPICH symbol

Pl_ demod g || 9 | Qchannel CPICH symbol

Mv_avg | O |9 | Moving averaged | channel CPICH symbol

Mv avg g O |9 | Movingaveraged | channel CPICH symbol

4.2.5 CF estimator (CF_EST)

The CF estimation is performed with moving-averaged CPICH symbols. Figure

mv_avg_i

mv_avg_g

9

symbols as inputs at every CHIPX_PL, which
CLK_SYM_PL, and outputs the estimated cosine and sine values.

10->9

4.25 shows the structure of the CF estimator. Table 4.6 shows the input and output signal
description for the CF estimator. The CF estimator receives the moving averaged CPICH

is one CHIPX8 cycle after

W» cf_est _cos

10->9

cf_est_sin

Figure 4.25: Channel / frequency offset Estimator



Table 4.6: 1/0 signasin channel / frequency offset estimator

Signal name /O | Bit Description
Reset_sys I 1 | Reset
: Clock signal for the load of the moving-averaged CPICH
Chipx_pl Ll L | symbol (gs KH2) THER
Mv_avg | I 9 | Moving averaged CPICH | channel symbol
Mv_avg g I 9 | Moving averaged CPICH Q channel symbol
Cf_est_cos @) 9 | Cosvaue of channel estimation result
Cf est sn ©) 9 | Sinvaue of channel estimation result

4.2.5.1 Output bit truncation

The CF estimator output can also be truncated. Figure 4.26 shows the

performance with the different output bits of the CF estimator. The outputs can be

truncated to 9 hits with a performance loss average of 0.1309 dB and a maximum of

0.1562 dB. The performance is measured with the spreading factor of eight, and the

performance loss includes one caused by the bit truncation of the demodulator outputs.

1I:I ___________ I | T R N I I I ]
e e —=— no bit truncation: 10bit output 4
e mmibmieiiivoiooo_oo| =& 1 hit truncation: Shit output
........... b s R e R 2 hit truncation: Shit output

10 '

------------------------------------------------------------------------

------------------------------------------------------------------------

4 B g 10 12

Figure 4.26: Bit truncation for CF estimator output with 9-bit demodulation output
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4.2.6 Compensator (COMP)

Compensation is applied to DPCH symbols. Figure 4.27 shows the block diagram
of the compensator. 1/0O signals are described in Table 4.7. Since the first CF estimation
result is available after a 256-chip period from the frame start, which is one CPICH
symbol period, the first 256/SF DPCH symbol sequences are not compensated. For
example, if the DPCH spreading factor is 4, the first 64 symbols are not compensated.
The first symbol of the next CPICH symbol period can be compensated with the CF
result calculated from the last CPICH symbols. When the compensation is finished, the
control signal DATA_AYV is sent to the deskew-combiner.

despread_i @%% cf_comp_i

9 18 A 19 -> 15

9

cf_est i

despread g

cf_est i

Figure 4.27: Compensator
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Table4.7: 1/0 signalsin channel / frequency offset compensator

Signal name | 1/O | Bit Description
Reset_sys I 1 | Reset

Start_comp I 1 | Enable signal for the compensator

Chipx1 I 1 | Chip clock (3.84 MHZz)

Clk_sym I 1 | Enable signa for the load of the DPCH symbol
Demod | I 9 | I channel symbol

Demod g I 9 | Q channel symbol

Cf _est_cos I 9 | Cosvaue of the CF estimation result

Cf est sn I 9 | Sinvalue of the CF estimation result

Comp | O | 15 | Compensated | channel symbol

Comp_q O | 15 | Compensated Q channel symbol

Data av O | 1 | Indicatesthat the datais available, goes to deskew-combiner

4.2.6.1 Output bit truncation

Figure 4.28 provides the performance with different numbers of truncated bits. 19

bit outputs are truncated to 15 bits with the performance loss average of 0.2341 dB and

maximum of 0.2797 dB. The performance is measured with the spreading factor of eight,

and the performance loss includes ones caused by the bit truncations of the demodulator

outputs and CF estimator outputs.
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Channel compensator output bit truncation

1|:| ____________ e R | T N | | |
Bt s i e ol e e —$— no bit truncation: 19bit output
bt | =&~ 1 hit truncation: 18bit output
____________ R 2 hit truncation: 17bit output

S - S . S —#— 3 bit truncation: 16hit output
| | —&— 4 hit truncation: 15bit output

5 hit truncation: 14hit output

—#%— B hit truncation: 13hit output
—&— 7 bit truncation: 12bit output

___________________________________

_________________________________

BER

Figure 4.28: Bit truncation of channel / frequency offset compensator

4.2.7 Frequency offset estimator (FREQ_EST)

The frequency offset estimator and frequency offset compensator can be
eliminated as described in Chapter 3, because the frequency offset can be estimated and
compensated along with the channel phase rotation through the channel estimator and
channel compensator. However, the frequency-offset estimator is necessary to provide
the frequency-offset information to the DSP. Though the shift of division operation and
the provison of a cosine/sine lookup table on the DSP side, the frequency offset
estimator contains only the blocks before the division block. The resulting frequency
offset estimator is shown in Figure 4.29.

The accumulator at the end of the frequency-offset estimator should not be moved
to the DSP in an attempt to lower the frequency of the interrupt. This is because a fast

interrupt causes a processing burden for the DSP. The frequency of the interrupt should
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be maintained as low as possible, and the interrupt is generated once aframe, which is a

10-msec period.

The moving average blocks shown in Figure 4.24 are shared with the CF

estimator. Thus, the inputs to the frequency-offset estimator are moving-averaged

CPICH symbols, which are for the CF estimator. The 1/0 signal descriptions are given in

Table 4.8. The full output bits, which are 27, are used without truncation; because the

cosine and sine values of the estimated frequency offset are very small, the bit truncation

can cause a significant error in the resulting frequency offset value.

Table 4.8: 1/0 signalsin frequency offset estimator

Signal name | I/O | Bit Description
Reset_sys I 1 | Reset
: Clock signal for the load of the moving-averaged CPICH
Chipx_pl "1 1| symbol (15 KH2)
Chipx8 I 1 | /8 chip clock (30.72 MHz)
Mv_avg | I 9 | Moving averaged CPICH | channel symbol
Mv_avg g I 9 | Moving averaged CPICH Q channel symbol
Freq est cos| O | 27 | Cosvalue of frequency offset estimation result
Freq est cos| O | 27 | Sinvaue of frequency offset estimation result
Indicates that the frequency-offset values are available. Goes
Freq est av | O )1 to the interrupt controller
p_avg_i ‘@ ~é D » Accumulator —4— freq_est_cos
\ 18 19 27
18
/ > ~ / O ~ » Accumulator T» freq_est_sin
p_avg_q ,@ ? ~

Figure 4.29: Frequency offset estimator to send the estimated value to the DSP
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4.2.8 Power Estimator (POW_EST)

The estimated power is sent to the finger on/off decision block and the DSP. The
finger on/off decision block receives the estimated power level at every CPICH symbol
to follow the channel variation and the DSP receives the estimated power at every frame
for the control of the transmit power.

As explained in Section 3.2.8, the approximation method, which calculates the
magnitude value, is used for the power measurement. Figure 4.30 shows the structure of
the power estimator. The 1/O signals are described in Table 4.9.

i —> ABS > max
mv_avd_t 7, Find ° (to the DSP)
MIN / C; » Accumulator —~> power
MAX ShittRight | * ?
mv_avg_(q ﬁé» ABS > min‘ 1 Bit . > mag

(to the finger decision)

Figure 4.30: Power estimator

Table 4.9: 1/0 signals in power estimator

Signal name | I/O | Bit Description

Reset_sys I 1 | Reset

Chipx_pl I 1 | Clock signal for the load of the moving-averaged CPICH

symbol (15 KHz)

Chipx8 I 1 | 1/8 chip clock (30.72 MHZz)

Mv_avg | I 9 | Moving averaged CPICH | channel symbol

Mv avg g I 9 | Moving averaged CPICH Q channel symbol

Mag O | 10 | Estimated power level for the finger decision block

Power O | 18 | Estimated power level for the DSP

Power av O |1 IndicaIes that the power estimation value is available. Goes
- to the interrupt controller

4.2.9 Time Tracker (TIME_TRK)

The structure of the finger is already shown in Section 3.2.9 except that the
multiplication of the coefficients K1 and K2 is replaced with a shift right operation due to




the selection of K1 and K2 as the 2V. The time tracker output LEAD_LAG goes to the
clock generator. The I/O signals of the time tracker is shown in Table 4.10.

Table 4.10: 1/0 signals in time tracker

Signal name 1/O | Bit Description

Reset sys I 1 | Reset

Frame edge code | | 1 | Frame edge for the code generators

Start_time_trk I 1 | Enable signal for the time tracker

Clk_sym pl I 1 | Enable signal for the load of every CPICH symbol

Chipx_pl I 1 | Clock signal for the load of the moving-averaged CPICH
symbol (15 KHz)

Chipx1 I 1 | Chip clock (3.84 MHZz)

Chipx8 I 1 | /8 chip clock (30.72 MHz)

Time req I 1 | Requests the fine time tracking result at every frame

Time trk_th | | 18 | Threshold value for the comparison

P demod i early I 9 | Demodulated | channel CPICH symbol in early position

P demod g early | | 9 | Demodulated Q channel CPICH symbol in early position

P demod i late I 9 | Demodulated | channel CPICH symbol in late position

P_demod g late I 9 | Demodulated Q channel CPICH symbol in late position

Lead lag O | 2 | Timetracking result for clock generator

4.3 Finger on decision

A finger-on-decision block determines each finger’s on/off condition based on the
measured power level. Table 4.11 shows the input and output of the finger on decision
block. We use two threshold values, OFF_TH and ON_TH, to determine if the finger
should be turned on or off, and the threshold values are set by the upper layer. When
MAG is smaller than OFF_TH, the decision flag FINGER_ON remains off until MAG
has a value larger than ON_TH. Once the finger is turned on, the finger remains on until
the measured power becomes lower than OFF_TH. The two different threshold values
for fingers on and off decisions prevent frequent changes, which works as a lowpass
filter. Figure 4.32 shows an example situation with varying input power levels.
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Table 4.11: 1/0O signals of finger decision block

Signal name 1/O | Bit Description
Reset_sys I 1 | Reset
Frame edge code | | 1 | Frame edge for the code generators
: Clock signal for the load of the moving-averaged CPICH
Chipx_pl "L | symbol (15 KH?)
Chipx1 I 1 | Chip clock (3.84 MHZz)
Chipx8 I 1 | 1/8 chip clock (30.72 MHz)
Mag | | 10 | Estimated power level of each finger
Off_th | | 10 | Finger off threshold
On th | | 10 | Finger on threshold
Finger_on O | 1 | Finger on/off flag
MAG
ON_TH
OFF_TH

«—— ON —>»<«—OFF—><«— ON —>

Figure 4.31: Finger on/off according to threshold levels

4.4 Deskew-combiner

The deskew-combiner is a combination of deskewer, combiner and SRAM

controller. Thus, the deskew-combiner combines each finger's output, for which the
delay is adjusted, and sends the combined data symbols to the SRAM.

The data load block, which is a sub block of the deskew-combiner, loads the
compensated DPCH symbols from a dedicated finger. The number of dataload blocks is

egual to the number of fingers, and there are four dataload blocks for our design.
The deskew-combiner has two register blocks, which are named EVEN and ODD,

to support accidental conditions to be explained in Section 4.4.4. One of the loaded data
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is selected by a priority encoder and sent to a register block. There are three modes for
the dump of the data symbol that are stored in the register blocks to the SRAM, and they
are NORMAL, NORMAL_FAST and FAST. The structure of the deskew-combiner is
given in Figure 4.32, and each of the operations is discussed in detail in the following sub

sections.
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Figure 4.32: Deskew-combiner structure
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4.4.1 Dataload

The data load block stores the data symbol from the dedicated finger when the
symbol is available.
DATA_AV to ‘1'. When the data symbol is available from a finger, data load block

A finger indicates symbol availability of the data by setting

stores the data and notifies the deskew-combiner to combine it by setting
DESK_DATA_AV to ‘1'. DESK_DATA_AV changes to ‘O’ as soon as the deskew-
combiner finishes handling the stored data by receiving COMB_DONE from the deskew-
combiner. Table 4.12 and Figure 4.33 show the /O signals in the data load block.

Table 4.12: 1/0 signalsin the data load block

Signal name /O | Bit Description

I 1 | Resets when the finger is unlocked or the receiver is turned
Reset_sys off
Chipx8 I 1 | /8 chip clock (30.72 MHz)
Data av I 1 IndIcates that a new data symbol from a dedicated finger is

- avallable
Comb done I 1 | Indicates thgt the deskew-combiner finished combining the
- stored data in the data load block
Finger_on I 1 | Indicatesthat if the finger islocked or unlocked
. | 1 | Indicates that the next prepared memory block isto be

Main_blk flag combined
St ref I 8 | Spreading factor for current symbol
Finger | | | 15 | | channel output data from the dedicated finger
Finger q | | 15 | Q channel output data from the dedicated finger
Store | O | 15 | I channd stored datato be combined in the combine block
Store O | 15 | Q channel stored data to be combined in the combine block
Symbol_cnt O | 14 | Theindex of the symbol that is currently dealt with

O | 1 | Indicatesthat storing the dataisfinished, goes to the
Desk_data_av deskew control block
Finger blk flag | O | 1 | Indicator of the target register block for current symbol
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reset_sys - 15 store_i/(i
chipx8 -

data_av - 14 symbol_cni
comb_done

DATA

finger_on | LOAD desk_data_a\i
main_blk_flag

sf _ref 8 finger_blk_flag
finger_i/q 15 R

Figure 4.33: Data load block

4.4.1.1 Data load state machine

A finite state machine, which controls the operation of the data load block, is a
data load state machine. The data load state machine is depicted in Figure 4.34. In the
INITIAL state, if DATA_AV is ‘1’, which means that the data symbol from the finger is
ready to be read, the data load state is changed to NOTICE_DESKEWER. In the
NOTICE_DESKEWER state, the data symbol and spreading factor are loaded and the
symbol counter starts counting the number of incoming symbols. When the received
spreading factor is different from the previous one, or when the loaded data symbol is the
first symbol of a new frame, the target register block index FINGER_BLK _FLAG loads
the value of MAIN BLK FLAG to change the target register block.
DESK_DATA AV SIGissetto‘l. Thus, if COMB DONE is‘1l, DESK_DATA_AV
issetto ‘1’ to report the availability of the loaded data to the deskew-combiner.

Then, the state changes to WAIT_DONE. In the WAIT_DONE dtae, if
COMB_DONE is ‘1 the state changesto DONE and DESK_DATA_AV_SIG is set back
to ‘0’ to prevent the unexpected activation of DESK_DATA_AV. Inthe DONE state, the
state is set back to INITIAL when the DATA_AV signal goes to low in time to prevent
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loading some symbols more than once. With this additiona state, a finger does not need
to care about the signal duration of DATA_AV.

()

IF {data_av ='0'} IF {data_av ="'1"}

/ \

\

IF {comb_done ='1"
desk_data av_sig <="'0'

\ Wait
done

Figure 4.34: Data |load state machine

wait_data_av_sig <="1'

4.4.2 Priority encoder

The deskew-combiner compiles the loaded data into a register block for the
combining operation. The combining operation is applied to one of the loaded data,
which is selected by the priority encoder. The data load block reports the availability of
the data from a finger, but the data availability timing is not fixed and the order of the
data availability is also variable because of the variable path delays. Thus the deskew-
combiner should check which data load block has the available data symbol, and we use a
priority encoder to avoid the scanning process for the whole data load blocks' outputs by
checking DESK_DATA_AV of the 0" data load block to the higher ordered data load

block. This prioritizing becomes more important as the number of the finger increases.
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4.4.3 Deskew state machine

A Deskew state machine controls the deskew and combining operation. Figure
4.35 shows the deskew state machine. It starts from the INITIAL state. When at |east
one finger is ready for combining, the availability flag DATA_AV_FLAG issetto ‘1,
thus the flag has the ORed value of al data load blocks DESK_DATA_AV’s. If the
DATA_AV_FLAGIs'1’, the state is changed to START_COMB. At the same time, the
register that indicates the available finger's number, NUM_AV_FINGER, loads the
finger number, which is the output of the priority encoder. Also, COMB_DONE for the
selected finger isset to ‘1’ to inform that the combination operation for the loaded data is
done. Inthe START_COMB state, if DATA_AV_FLAG is till ‘1, which means that
another symbol from the finger is available, NUM_AV_FINGER is updated and
COMB_DONE of the selected finger is set to ‘1’ and those of other fingers are set back
to ‘0’. Then, if there are no more available data from the fingers, the state goes back to
INITIAL.

Whenever NUM_AV_FINGER is updated, SYMBOL_CNT, STORE_|I/Q and
FINGER_BLK_FLAG of the proper finger are also loaded to SYMBOL_CNT_REG,
STORE _1/Q REG and FINGER BLK_FLAG_REG, respectively. These loading
operations are performed using three MUX with NUM_AV_FINGER as a select input, as

[

IF {data_av_flag ='0} IF {data_av_flag ='1"}

\ ./

Figure 4.35: Deskew state machine

shown in Figure 4.32.
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4.4.4 Register blocks

The loaded symbols, STORE | REG and STORE_Q REG, of every finger are
stored and added to the register block after adjusting the delay. The deskew-combiner
has two register blocks and each of them has alength of eight.

First, the length of the register block is decided by the maximum difference of the
arrival times of the symbols in fingers. The arrival time difference includes the
difference between the multipath delays and the difference of the time offsets between
the base stations. In this implementation, we assume that the maximum difference
between the fingers' arrival time is 32 chips. The maximum 32-chip delay is equivalent
to the maximum delay of eight symbols, because the spreading factor 4 provides the
maximum symbol rate and when the spreading factor is four, 32 chips correspond to eight
symbols. Therefore, the length of the register block is selected as eight. The length of
the register block for the practical systems can be adjusted based on the results of the
field measurements. From now on, we explain the deskew-combiner based on the
assumption that the length of the register block is eight.

After determining the length of the register, we consider the unexpected arrival of
frames. Unexpected arrival of the frame is shown in Figure 4.36. Figure 4.36 assumes
that finger #3 is deactivated during frame #0 and newly activated at the start of the frame
#1, and processes a path that arrives faster than other paths that are processed by the pre-
locked fingers. This case can happen when the cell searcher locks a new multipath,
which has shorter delay than other multipaths processed by the pre-locked fingers, for a
previously deactivated finger. Also, after the handover, if the new base station assigns a
smaller time offset value than the old base station, the arrival of the new frame is possibly
faster than that of the previous frame.
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time

v

Finger #0 Frame #0 | Frame #1
Finger #1 Frame #0 | Frame #1
Finger #2 Frame #0 | Frame #1
Finger #3 Frame #1

ﬂk

Finger #3 activation point:
The arrival of frame #1 for finger #3 is faster than
those for the other pre-locked fingers

Figure 4.36: The unexpected arrival of the frames

To manage this case, we use two separate register blocks. One register block is
used for frame #0 as shown in Figure 4.36, and the other register block is used for frame
#1. If asingle register block is used, the register block size should be sufficiently large
not to lose any data. However, by using two separate register blocks for different frames,
each register block size can be maintained as small as eight. The detailed structure for
the register blocks is depicted in Figure 4.37.
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Figure 4.37: Register block

Each register block consists of REG BLK_|I, REG BLK_Q, ADDR_CNT,
REG_SYM_CNT and REG_CNT. REG BLK_|I and REG BLK_Q are the registers
storing the symbols from the data load block, and ADDR_CNT stores the address of
REG_BLK_1/Q for the incoming symbols. REG_SYM_CNT has the expected new
symbol number. Since SYMBOL_CNT_REG has the initial value 0O, the initial value of
REG_SYM_CNT is set to 1 to indicate the expected symbol number and avoid the any
unnecessary operations. Thus, for example, if currently the register block has received
two symbols from finger #0, three symbols from finger #1, 1 symbol from finger #2 and
3 symbols from finger #3, the value of REG_SYM_CNT is 4. Figure 4.38 shows this
example graphicaly:
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time

»
»

Finger #0 symbol #1 symbol #2
Finger #1 symbol #1 symbol #2 symbol #3
A
Finger #2 symbol #1
Finger #3 symbol #1 symbol #2 symbol #3

current time

REG_SYM_CNT

Figure 4.38: The value of REG_SYM_CNT according to the received symbols until

current time

When the register block receives a symbol from a data load block, the value of
REG_SYM_CNT is compared with the SYMBOL_CNT_REG of the received symbol.
Then if SYMBOL_CNT_REG has the same value as REG_SYM_CNT, REG BLK_1/Q
is shifted right one element and the received symbol is stored in REG_BLK_1/Q(0).
ADDR_CNT is aso shifted right one element and SYMBOL_CNT_REG's least
significant three bits are stored in ADDR_CNT(0). REG_SYM_CNT is incremented by
one. This process is given as an example in Figure 4.39. Let us assume that finger #0
has received three symbols, fingers #1 and #2 have received two symbols, and finger #3
has received one symbol. The newly received symbol is the 4" symbol of finger #0. The
received symbol’s number, SYMBOL_CNT_REG, is compared with the value of
REG_SYM_CNT. Since they have the same value that is four, ADDR_CNT is shifted
right one element and SYMBOL_CNT _REG is stored in ADDR_CNT(0).
REG_BLK_1/Q is aso shifted right one element and the received symbol is stored in
REG_BLK_1/Q(0). Finaly, REG_SYM_CNT isupdated to 5.
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3. The elements in REG_BLK_I/Q are
shifted right and the received symbol
is stored in REG_BLK_1/Q(0)

STORE_I/Q_REG

SYMBOL_CNT_REG

0123456 7
x‘ x‘ x‘ x‘ o\ 0\ 0\0 \ REG_BLK_I/Q

01234567
‘4‘3‘2‘1‘0‘0‘0‘0‘ADDR_CNT

2. Since the received symbol's
number is same with the value of
REG_SYM_CNT, ADDR_CNT is
shifted right one element and the
received symbol's number is
stored in ADDR_CNT(0).

REG_SYM_CNT

1. Compared with the value of
REG_SYM_CNT

Figure 4.39: Operation of register block |

If SYMBOL_CNT_REG has a different value than REG_SYM_CNT,
ADDR_CNT(SYM_CNT_REG(2 downto 0)) receives the address of REG_BLK_1/Q to
which the received symbol should be combined. Then, the received symbol is added to
the stored value in REG_BLK_I/Q(ADDR_CNT(SYM_CNT_REG(2 downto 0))).
ADDR_CNT is not changed and REG_SYM_CNT maintains the current value. Figure
4.40 shows another example to depict this process. Let us assume that finger #0 has

received four symbols, fingers #1 and #2 have received two symbols, and finger #3 has

received 1 symbol. The newly received symbol is the 2™ symbol of finger #3. The
received symbol’s number, SYMBOL_CNT_REG, is compared with the value of
REG_SYM_CNT. Since they are different, ADDR_CNT(SYMBOL_CNT_REG) is
referred to get the target address of REG_BLK _1/Q, which is 2. Then, the received
symbol is combined to REG_BLK_1/Q(2).
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2. Refer to the value in
ADDR_CNT(SYMBOL_CNT_REG)
as an address pointer of target
position in REG_BLK_I/Q for the
combining operation.

STORE_I/Q_REG

SYMBOL_CNT_REG REG_SYM_CNT

1. Compared with the value of
REG_SYM_CNT: DIFFERENT

Figure 4.40: Operation of register block |1

The example that shows the operation of the register block at the beginning of a
frame is given in Table 4.13. We assume that the register block does not change during
this example period and all of the symbol values are 1's. The process is explained below
in time order:

Initial state: REG_SYM_CNT is1and al others are O.

1% received symbol: The received symbol is the 1% symbol from finger #0,
which means that SYMBOL_CNT_REG is 1. The received symbol is stored
in REG_BLK_1/Q(0), and ADDR_CNT(0) loads SYMBOL_CNT_REG(2
downto 0), because REG_SYM_CNT is the same as SYMBOL_CNT_REG.
Then REG_SYM_CNT is incremented by 1, which results in 2. This means
that the next expected symbol number is 2.

2" and 3" received symbols: The next two symbols are the 1% symbol of
finger #1 and finger #2, respectively. Both of them are added to
REG_BLK_I/Q(ADDR_CNT(SYMBOL_CNT_REG(2 downto 0))) because
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the received symbol’s SYMBOL_CNT_REG isnot equal to REG_SYM_CNT.
ADDR_CNT is not changed.
4™ received symbol: The received symbol is the 2™ symbol from finger #0,
and this value is the same as the value of REG SYM _CNT. Thus,
REG_BLK_1/Q is shifted right one element and the received symbol is stored
in REG_GLK _1/Q(0). ADDR_CNT is aso shifted right one element and
ADDR_CNT(0) is changed to 2, which is the least significant three bits of
SYMBOL_CNT_REG. Therefore, we can know that the 2" symbol of the
frame is compiled into the 0" element of the register block and the 1¥ symbol
of the frame is stored in REG_BLK _1/Q(1). REG_SYM_CNT isincremented
to 3, which means that the next symbol count of the frameis 3.
5" received symbol: The received symbol is 3 symbol from finger #0. Since
SYMBOL_CNT_REG is the same as REG_SYM_CNT, REG BLK_1/Q is
shifted right one element and the received symbol is stored in
REG _BLK_1/Q(0). ADDR_CNT is shifted right one element also and
ADDR_CNT(0) is changed to 3. Therefore, we can know from the address
pointer that the 1% symbol of the frame is stored in REG_BLK_1/Q(2), the 2™
symbol of the frame is stored in REG_BLK_1/Q(1) and the 3" symbol of the
frameisstored in REG_BLK_1/Q(0).

The procedure will be continued as shown in Table 4.13.
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As shown in the above examples, ADDR_CNT and REG_SYM_CNT use only
three LSB’s of SYMBOL_CNT_REG. In our design, when a finger is turned off in the
middle of the frame, that finger is not turned on until a new frame begins. Thus we can
assume that the order of the incoming symbols of one frame to the deskew-combiner does
not change. Therefore, the symbol number of the received symbol at the deskew-
combiner increases monotonicaly, and this makes REG_SYM_CNT able to store the
expected symbol number. We aso assume that the maximum difference between the
delays of the multipath is eight, thus the symbols that have same three LSB’s cannot
come in during the same eight-symbol period. Therefore, ADDR_CNT can use only
three LSB’s of SYMBOL_CNT_REG. As long as the length of the register block is
chosen as 2", ADDR_CNT can take only N LSB’s of SYMBOL_CNT_REG.

Now, let us consider changing the register block. Each of the register blocks is
for one frame, thus at the beginning of the new frame the register block index should be
flipped to indicate the other register block. A counter REG_CNT controls this process.
REG_CNT counts the symbol number of a frame to have the largest vaue among the
received SYMBOL_CNT_REG’s until it has the largest value, which is seven in case the
register length is eight. In other words, REG_CNT, which is a 3-bit register, indicates
whether the registersfor thel and Q symbols, REG BLK _1/Q are full or not. When
REG_CNT has the maximum value, it stops incrementing and flips the register block
selection flag, MAIN_BLK_FLAG. MAIN_BLK_FLAG is loaded to the register block
selection flag for each of the fingers, FINGER_BLK_FLAG, in the data load block when
a new frame is starting, so that the symbols of different frames are not mixed together.
The entire process of the register block is given as aflowchart in Figure 4.41.
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reg_block(fbfr) = ‘0’

YES

NO
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reg_sym_cnt(fbfr) = symbol_cnt_re

YES
v A
Shift right reg_blk_i/q(fbfr) reg_blk_i/q(fbfr)(addr_cnt(fbfr)(symbol_cnt_reg(3 LSB’s))
reg_blk_i/q(fbfr)(0) <= store_i/q_reg += store_i/q_reg
reg_sym_cnt(fbfr)++
Shift right addr_cnt(fbfr)
addr_cnt(fbfr)(0) <= symbol_cnt_reg(3 LSB'’s)

reg_cnt(fbfr) < “111”

YES
v

reg_cnt(fbfr)++

*+— NO

Figure 4.41: Flowchart for the process of the register block (fbfr:
FINGER_BLK_FLAG_REQG)

By using the address pointer, priority encoder and two register blocks, the
deskew-combiner can dynamically support the variable arriving times of the multipaths
within the range of the maximum difference of symbol delay. Conventionaly, the
number of necessary registers is equal to the number of fingers to store the symbols of
each finger. Therefore, our design is more efficient than the conventional design for the

rake receiver that has more than two fingers, because our design can support a large
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number of fingers with a small number of registers, and the combining operation can be
done with the deskew operation at the same time.

4.4.5 SRAM controller

The stored and combined symbols in the register blocks should be dumped to the
SRAM, which is a gateway between the upper layer and the rake receiver. We designed
the SRAM to have two memory banks, each of which is for one frame. Since the
maximum symbol number of one frame is 9600, when the spreading factor is 4, the
SRAM addressis 15 bhits. The MSB isfor selection of the memory bank and the other 14
bits represent the address for each of the memory banks.

4.4.5.1 Dump mode

The deskew-combiner provides three dump modes depending on the register
block’s status. Figure 4.42 shows the dump mode state machine. DUMP_POSITION
represents the index of the REG_BLK_I/Q of the selected register block for dump
position. It isinitialy set to the largest value to indicate the last element of the register,
which is seven in case the length of the registers for | and Q symbols is eight.
DUMP_BLK represents the index of a register block, whose symbols in REG_BLK_1/Q
are currently dumped to the SRAM. REG _BLOCK is a flag to prevent the selected
register block from being written during the fast dump mode.
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IF {flnger blk_flag_reg /= dump_blk

IF {dump_position = and
and symbol_cnt_reg = 1}
mem_access_state = write_done} reg_block(not(dump_blk)) <='0’

/ \

\ IF {mem_cnt(not(dump_blk)) = 5} /

reg_block(dump_blk) <=1’

Figure 4.42: Dump mode state machine

Initidly, the dump mode is NORMAL. Let us assume that EVEN register block
isinuse. In NORMAL state, the last elements of REG_BLK _1/Q of the EVEN register
block are dumped to the SRAM, because the dump position is assigned as seven. If
FINGER_BLK_FLAG_REG is not the same as DUMP_BLK and SYMBOL_CNT_REG
is 1, which means that the corresponding finger processed the first symbol of a new frame,
the dump mode is changed to NORMARL_FAST and the blocking flag REG_BLOCK of
the ODD register block is set to 0 to enable the ODD register block to receive the inputs.

In NORMAL_FAST mode, both of the register blocks are used to deal with the
data from different fingers and different frames. NORMAL_FAST mode is needed to
manage the newly activated fingers and handover. When a finger state is changed from
off to on at the beginning of the new frame and it receives a multipath that has a smaller
delay than the smallest delay of the previous frame’s multipath delay, the EVEN register
block is used for the previous frame and the ODD register block will be used for the new
frame data at the same time. Also, after the handover, if the new base station assigns a
smaller time offset for the mobile than the time offset of the previous base station, both of

the register blocks will be used to support the process of two different frame' s data. Thus,
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the EVEN register block deals with the data of the old frame and the ODD register block
handles the data of the new frame in the NORMAL_FAST mode. The EVEN register
block dumps the elements in the last position, because DUMP_POSITION is still 7.
However, when the ODD register block contains six symbols from the new frame, which
means that the ODD register block should dump the stored data to the SRAM in at least
two-symbol periods, the dump mode should be changed to FAST mode. As mentioned at
the beginning of section 4.4, SRAM has two memory banks and only one of them can be
accessed by the deskew-combiner at atime. Thus, 2 symbols before the dump action of
the ODD register block, the dump mode is changed to FAST and REG_BLOCK of the
EVEN register block is set to 1 to prevent receiving inputs.

In FAST mode, DUMP_POSITION is decremented by one a every memory
access cycle, which is four CHIPX8 cycles, to dump out the stored data in the dump
position that is indicated by DUMP_POSITION rather than waiting for the shifted data at
the end of the register. Since the length of the register block is eight and there remain
seven symbols to be dumped at the start of the FAST mode, it takes only 28 (= 4*7)
CHIPX8 cycles to dump out all of the stored datain the EVEN register block. As stated,
the dump mode transition timing is selected as a two-symbol period, which is eight chips
or 64 CHIPX8 clock cycles with the spreading factor of 4. A 64 CHIPX8 cycle is much
longer than the actual clock cycle taken for evacuating the EVEN register block. Thus
the dump mode transition timing can be selected as only 1 symbol period, but we gave
enough of a safety margin to make the operation sure. When a spreading factor larger
than 4 is used, the safety margin is even larger. When the EVEN register block is
evacuated and the memory access state machine isin the WRITE_DONE state, the dump
mode goes to NORMAL for the ODD register block. Memory access state machine is
covered in section 4.4.5.2.

4.45.2 SRAM access state machine

The SRAM access state machine, which is shown in Figure 4.43, handles the
operation of the SRAM controller. In INITIAL state, if REG_DUMP_CNT and
CURRENT_SYM_CNT have the same vaue or the dump mode is FAST, the state
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changesto SEND_DATA. Let usassume that the currently used register block is EVEN.
As described in section 4.4.5.1, when the dump mode is not FAST, the data stored in
REG_BLK_1/Q(0)(7) is dumped to the SRAM. Since our deskew-combiner can receive
the symbols in variable time order, the register block does not shift the elements in
REG_BLK_1/Q to right whenever it receives the new symbols. Thus, we use two
counters, REG_ DUMP_CNT and CURRENT_SYM_CNT, not to dump the same
symbols multiple times. REG_DUMP_CNT and CURRENT_SYM_CNT are 3-hit
counters. REG_DUMP_CNT has an initial value 1 and CURRENT_SYM_CNT has the
value of the last element of the currently used register block's ADDR_CNT, which is
ADDR_CNT(0)(7). CURRENT_SYM_CNT remains O until REG_BLK_1/Q(0)(7) has a
symbol value and equivalently ADDR_CNT(0)(7) has the value 1. At this moment, since
we are assuming that the maximum delay difference between the fingers is 32 chips,
which is eight symbols with spreading factor of 4, we can easily figure out that the
combining operation for the symbols in REG_BLK _1/Q(0)(7) is already finished. Now,
REG_DUMP_CNT and CURRENT_SYM_CNT have the same value, thus the state
moves to SEND_DATA. If the dump mode is FAST, whether the vaues of
REG_DUMP_CNT and CURRENT_SYM_CNT are same or not, the stored symbol is
dumped according to DUMP _POSITION at every access cycle, decrementing the
DUMP_POSITION by 1. Since the register block is prevented from being written, no
more shift is guaranteed. Then, the state also changesto SEND_DATA.

In SEND_DATA state, the SRAM write enable signal is set to O to activate the
writing operation. Then it changes to WRITE_DONE state to inform that the writing
operation is finished. The SRAM write enable signal SRAM_WEN s set back to 1 to
disable the write operation and REG _DUMP_CNT is incremented by 1. In
WRITE_DONE state, we have two cases. One is that DUMP_POSITION is 1, which
means that all of the stored symbolsin REG_BLK _I/Q are written to the SRAM and one
frame is finished, and the other is when DUMP_POSITION is not 1, which means that
the current frame is till in process. In first case, aDUMP_BLK that indicates the current
register block whose stored symbols are dumped to the SRAM is changed to point out the
other register block, DUMP_POSITION is set to 7 to be prepared for the NORMAL
dump mode and register block reset signal is generated to reset the current register block.
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The state is changed to CHANGE _SRAM_ADDR. The second case decrements
DUMP_POSITION by 1 when the dump mode is FAST, and changes the state to
WRITE_COMPLETE. Then, the state is changed to INITIAL. In the
CHANGE_SRAM_ADDR state, the MSB of SRAM_ADDR_REG s flipped to indicate
the other memory bank of the SRAM and the other 14 bits are set to O to start the new
address. Inthe WRITE_COMPLETE state, SRAM_ADDR_REG is just incremented by
1. The MSB of SRAM_ADDR_REG is the memory bank enable signal SRAM_EN and
the other 14 bits of SRAM_ADDR_REG are the address of the selected memory bank,
whichis SRAM_ADDR. Then, the state goes back to INITIAL.

IF {reg_dump_cnt = current_sym_cnt
or
dump_mode = fsat}

sram_addr_reg <=

sram_addr_reg + 1 | complete Send sram_web <= ‘0’

data

IF {dump_position /= 1} Write

T — done sram_web <= ‘1’

/

IF {dump_position = 1}

'\/

Figure 4.43: SRAM access state machine
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Chapter 5 Experimental Results

In this chapter, we present the experimental results of the RT-level design of our rake
receiver. We obtained the synthesized RT-level circuit from the VHDL design described
in Chapter 4. The experimental results including the power consumption and the circuit
complexity were measured from the synthesized circuit.

5.1 Environment

For the measurement of the power dissipation and the circuit complexity, we used
Cadence® Ambit® BuildGates®. The cell library used in our experiments was TSMC
0.18 nm technology with 1.8V supply voltage obtained from Artisan. Ambit BuildGates
provides severa Low Power Synthesis (LPS) options, and it provides both power
estimation and optimization capabilities under user supplied timing and area constraints.

The LPS design flow is shown in Figure 5.1.

[ Develope RTL J

A

fEpr ore Low Power\

g RTL y
- ! ~
Synthesize RTL
_ Y,

N
Commit RTL
Transformations

Figure 5.1: The Cadence LPS design flow [Cad01]

Using Cadence LPS option, designers need to develop an RTL code without being
conerned about power. In the second step, LPS explores thousands of RTL
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transformations for reducing power in the design. Then, after synthesizing the TRL code,
LPS minimizes the power by committing the RTL transformations and performing gate-
level power optimizations while satisfying the timing constraints [ Cad01].

5.2 Description of test input sequences

Using Ambit BuildGates, we measured the power dissipation and the circuit
complexity at the RT-level. For RTL simulation of the rake receiver, we generated the
test input sequences from our MATLAB design. The received signals represented in the
fixed-point format in MATLAB converted into 6-bit long binary numbers. These
received signals in fixed-point numbers were saved in a file and applied to our rake
receiver. The main clock, which is CHIPX8 of 30.72 MHz with 50% duty cycle, was
applied to the rake receiver, from an external clock source. Memory blocks are excluded
from the power and area estimation.

5.3 Power estimation methods

Power consumption for a circuit is composed of both static and dynamic power
[Roy00]. Static power is generaly dependent on the logical state of the cell. It is the
power dissipated while signals are not switching. Static power includes leakage power
and standby power. In CMOS logic, the leakage power is caused by sub-threshold
leakage current, and the standby power by the DC current continuously drawn from
power to ground. The standby power dissipation is insignificant for CMOS digital
circuits.

Overall dynamic power of a cell is dependent on the supply voltage, temperature,
load, and input slew rate, as well as the cell’s state [Cad01]. Dynamic power dissipation
is caused by switching activities of the circuits. It includes two types of power: short-
circuit power and capacitor charging / discharging power. Short-circuit power is
dissipated when a short that cannot be instantaneously turned on and off exists between
the voltage supply and a ground rail created during output transitions. Capacitor charging

/ discharging power is caused by the charging and discharging of the entire capacitive
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load and is the maor source of power dissipation in CMOS circuits [Yea0l]. A
capacitive load includes internal capacitance, capacitance of the net, and the capacitance
of the input / output pins.

We measured the power dissipation from the ssmulation of the test input sequences.
Ambit BuildGates provides three types of power: leakage power, internal power, and
capacitive load power. Leakage power, which is explained above, is a type of static
power dissipation. Internal power consists of the short-circuit power of internal cells.
Capacitive load power (net power) is calculated from the formula

P=aCV?f (5.1)
where a is the switching activity, C_ is the capacitive load, V is the supply voltage, and f
is the clock frequency. Ambit BuildGates computes the power at each node from the
TSMC 0.18 mm library cell characteristics and the toggle information at each node of the
gate-level model. Summing the power dissipations at each node results in the total power
for the entire circuit.

5.4 Power dissipation

We first measured the power dissipation of the rake receiver using the method
described in the previous sections. The experimental results are as follows:. internal cell
power is 29.1826 mW, leakage power is 7.342 MW/, and net power is 27.0156 mW. The
total power dissipation in the rake receiver is 56.2056 mW. Table 5.1 shows the power
dissipation of the internal blocks of our rake receiver. MULTI_FINGER, which consists
of four fingers, consumes 59 % and the deskew-combiner dissipates 33 % of the total
power. The input buffer, DESK_RESET_GEN block, and other miscellaneous parts are
responsible for consuming the remaining power. Figure 5.2 shows the power dissipation
ratios of the internal blocks of the rake receiver.
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Table 5.1: Power dissipation of the internal blocks of arake receiver

Internal block name | Power dissipation (mW) | Percentage (%)
IN_BUFF 0.09 0.16
MULTI FINGER 33.17 59.01
DESKEWER 18.79 33.44
DESK_RESET_GEN 0.01 0.02
Miscellaneous parts 4.24 7.54
Total (Rake receiver) 56.21 100.00

Power dissipation

Miscellaneous
parts
8%

IN_BUFF
0%

DESK_RESET
_GEN 0%

DESKEWER
33%

MULTI_FINGER
59%

Figure 5.2: Power dissipation ratios of the internal blocks of arake receiver

Table 5.2 shows the power dissipation of the individual blocks of a finger. The
major power consuming blocks are the frequency offset estimator (FREQ EST), the time
tracker (TIME_TRK), and the clock generator (CLK_GEN).
responsible for over 78 % of the total power dissipation. The large power consumption

of these three blocks is due to the following reasons. the frequency offset estimator has
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four multipliers and two accumulator, which cause the long outputs, The time tracker aso
has an accumulator that leads to alarge internal signal; The clock generator sends output
the generated clock signals to all the internal blocks of the finger, which causes the large
fan-out and output load. Even though the lengths of the internal signals and the outputs
are small, the large fan-out results in significant power consumption. Figure 5.3 shows
graphically the power dissipation ratios of the internal blocks of a finger. The graph
shows that the frequency offset estimator, the time tracker, and the clock generator are

the most power-hungry blocks.

Table 5.2: Power dissipation of the internal blocks of afinger

Internal block name Operatl( rl\l/? |:rsquency Power(m pation Perc(:((;,/:)tage
CLK_GEN 30.72 1553.3 18.77
CTRL_GEN 30.72 166.8 2.02
DEMOD (4) 3.84 231.3 2.80
AVG 3.84 68.2 0.82
CF EST 0.015 10.4 0.13
COMP 3.84 67.2 0.81
FREQ EST 30.72 3269.4 39.51
POW_EST 30.72 731.3 8.84
TIME_TRK 30.72 1712.3 20.69
FINGER DECISION 30.72 88.7 1.07
OVSF_GEN (2 3.84 91.5 1.11
SCRMAB_GEN (2) 3.84 89.1 1.08
Miscellaneous parts N/A 196.1 2.37
Total (FINGER) 30.72 8275.6 100.00

112




Power dissipation
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1% parts
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CLK_GEN

OVSF_GEN (2)
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FINGER_DECISIO
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1% CTRL_GEN
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21% 3%
AVG
1%
POW_EST CF_EST

0%
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1%
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Figure 5.3: Power dissipation ratios of the interna blocks of afinger

5.5 Circuit complexity

The circuit complexity of our rake receiver was estimated in terms of the number of
equivalent NAND2 gates. The total area of the rake receiver is about 1.0 million
equivalent NAND?2 gates. As can be seen in Table 5.3, one finger takes about 21.6 % of
the total area and the deskew-combiner takes about 10 %. Figure 5.4 shows the area
ratios of the internal blocks of the rake receiver.
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Table 5.3: Areaof the internal blocks of arake receiver

Internal block name | Area (# of equivaent NAND2 gates) | Percentage (%)
IN_ BUFF 300 0.03
MULTI FINGER 849,656 86.39
DESKEWER 97,681 9.93
DESK RESET GEN 64 0.01
Miscellaneous parts 35,781 3.64
Total (Rake receiver) 983,482 100.00

DESK_RESET
_GEN 0%

DESKEWER
10%

Area

Miscellaneous
parts
4%

IN_BUFF
0%

MULTI_FINGER
86%

Figure 5.4: Arearatios of the internal blocks of arake receiver

Table 5.4 provides the circuit area of the internal blocks of a finger. The
frequency offset estimator (FREQ_EST) and the compensator (COMP) have the largest
areas in the order. The two blocks are responsible for about 51 % of the total area. The
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complexity. The outputs of the multipliers are applied to accumulators and the outputs
are not truncated, which results in 27 bits. The compensator has the same number of




9" 9 multipliers, and their outputs are applied to the adders. However, the outputs of the
adders are truncated to 15-bits, which results in less area than the frequency offset
estimator. We replaced multipliers with a multiplexer and an adder by a shift operation
for the power estimator, which reduced the area of the block to only 4 % of the total area
Without such replacements, we believe that the area of the power estimator would have
been about 10% of the total area, as the original design needed two 9-bit multipliers.
Figure 5.5 shows the circuit complexity ratios of the internal blocks of a finger in terms
of the percentage.

Table 5.4: Area of the internal blocks of afinger

Internal block name | Area (# of equivalent NAND?2 gates) | Percentage (%)
CLK_GEN 11,837 5.57
CTRL_GEN 2,922 1.37
DEMOD (4) 34,945 16.43
AVG 11,567 5.44
CF _EST 1,430 0.67
COMP 43,255 20.34
FREQ EST 64,967 30.55
POW_EST 7,882 3.71
TIME TRK 20,840 9.80
FINGER DECISION 1,094 0.51
OVSF GEN (2) 1,977 0.93
SCRMAB_GEN (2) 1,237 0.58
Miscellaneous parts 8,733 411
Total (FINGER) 212,686 100.00

115



Area

Miscellaneous
parts
4%
CLK_GEN
6%
CTRL_GEN

SCRMAB_GEN
1%

OVSF_GEN (2)
1%

FINGER_DECISIO

N
1% 1%
DEMOD (4)
TIME_TRK 16%
10%
POW _EST AVG

4% 5%
CF EST
FREQ EST %

0
30% COMP

20%

Figure 5.5: Circuit complexity ratio of the internal blocks of afinger

5.6 Power vs. Area

Figure 5.6 illustrates the relationship between the power dissipation and the
circuit complexity for the internal blocks of a finger. As can be seen in the figure, the
compensator and the frequency offset compensator cause substantial areas, but the power
dissipation ratios are very different. Aswe discussed in Section 5.5, the frequency offset
estimator has a larger area than the compensator. However, the compensator consumes
much less power than the frequency offset estimator, because the compensator operates at
a frequency eight times slower than that of the offset estimator. As described in (5.1), a
higher operating frequency causes higher power consumption. This can be observed in
Table 5.2. All blocks that operate with 3.84 MHz or 15 KHz, which are the slower
operation frequencies, consume only about 1 % or even less than 1 % of the total power
dissipation. Also, the clock generator dissipates about 19 % of the total power, while the
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area taken by the clock generator is only about 6 %. As discussed in Section 5.4, the
large power consumption is due to large fan-out, which results in large capacitive loads.
This is a good example of the operating frequency constituting a major factor in the

power consumption, and the capacitive load is also a considerable factor.
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Figure 5.6: Power dissipation vs. circuit complexity of the internal blocks of afinger

Figure 5.7 depicts the relationship between the power dissipation and the circuit
complexity for the internal blocks of the rake receiver. The ratio of power consumption
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to area is less for fingers than for the deskew-combiner, as the average operating
frequency of the fingersis four times slower than that of the deskew-combiner.

Power vs. Area
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Figure 5.7: Power dissipation vs. circuit complexity of the internal blocks of the rake

receiver

5.7 Concluding remarks

In this chapter, we examined the power dissipation and the circuit complexity. The
cell library TSMC 0.18 mm technology with 1.8V supply voltage obtained from Artisan
was used. In the next chapter, we conclude our work on the design of the WCDMA rake

receiver.

118



Chapter 6 Conclusion

A rake receiver, which resolves the multipath signals corrupted by a fading
channel, is the most complex and power consuming block of a modem chip. Therefore, it
is essential to design arake receiver be efficient in hardware and power. We investigated
the design of a rake receiver for the WCDMA system, which is a third generation
wireless communication system. Our rake receiver design is targeted for mobile units, in
which low-power consumption is highly important. We made judicious judgments
throughout our design process to reduce the overall circuit complexity by trading off with
performance. The reduction of the circuit complexity resultsin low power dissipation for
our rake receiver.

Asthefirst step in the design of arake receiver, we generated a software prototype in
MATLAB. The prototype included a transmitter, a multipath Rayleigh fading channel as
well as a rake receiver with four fingers. The MATLAB model for the rake receiver
consisted of models for demodulators, a moving average block, a channel-frequency
estimator, a compensator, a power estimator, a time tracker, and a combiner. Using the
software prototype, we verified the functionality of al blocks of our rake receiver,
estimated the performance in terms of bit error rate, and investigated trade-offs between
hardware complexity and performance. The trade-off included truncation of output bits
for three blocks. The demodulator outputs were truncated from 16 bits to 9 bits with the
average performance degradation of 0.05 dB, and the channel-frequency estimator
outputs from 10 bits to 9-hits with the average degradation of 0.13 dB. Findly, the
compensator outputs were truncated from 19 bits to 15 bits with performance loss of 0.23
dB.

After the verification and design trade-offs were completed, we manually developed
arake receiver at the RT level in VHDL. The VHDL model included a frequency offset
estimator, a clock generator, a control signal generator, a deskew-combiner, a SRAM
controller, and an interface unit in addition to the functiona blocks in the software
prototype. A few schemes were incorporated into our rake receiver to enhance its
performance. The deskew-combiner was a combination of a deskewer, a combiner, and
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an SRAM controller. We employed two separate register blocks, instead of arather brute
force approach of using single block, to enable continuous deskew operations even in
accidental cases. Also, the deskew-combiner provided three dump modes for the SRAM
depending on the register block’s status. The three different dump modes reduced the
Size of register blocks. 1n order to check the availability of the data for each finger output,
we used a priority encoder instead of scanning the entire finger outputs, which saved
hardware and resulted in reducing power dissipation.

As the final step, the RT level design was synthesized to gate level circuits targeting
TSMC 0.18 nm CMOS technology under the supply voltage of 1.8 V. We estimated the
performance of our rake receiver in area and power dissipation. Our experimental results
show that the total power dissipation for our rake receiver is 56 mW and the equivalent
NAND2 circuit complexity is 983,482. We observed that each finger consumed about
14.8 % of the total power of the rake receiver. Hence, the four fingers are responsible for
59 % of the power, and the deskew-combiner consumes the remaining 33.4 % of the total
power. Each finger occupies 21.6 % of the total area and the deskew-combiner takes up
9.9 % of the area. The ratio of power consumption to area is less for fingers than for the
deskew-combiner, as the average operating frequency of the fingers is four times slower
than that for the deskew-combiner.

In summary, we investigated a rake receiver design for the WCDMA systems in this
thesis. We believe that our rake receiver is efficient in area and power owing to judicious
judgments in trading-off area and performance through the entire design process.
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Glossaries

AWGN Additive White Gaussian Noise

BER Bit Error Rate

CDMA Code Division Multiple Access
CPICH Common Pilot Channel

DPCCH Dedicated Physical Control Channel
DPCH Dedicated Physical Channel

DPDCH Dedicated Physical Data Channel
EGC Equa Gain Combining

FBI Feedback Information

FDD Freguency Division Duplex

FDMA Frequency Division Multiple Access
FM Frequency Modulation

GPS Global Positioning System

GSM Globa System for Mobile Communication
|FFT Inverse Fast Fourier Transform

1S-95 Interim-Standard 95

IS Inter-Symbol Interference

MAC Medium Access Control

MRC Maximal Ratio Combining

OVSF Orthogonal Variable Spreading Factor
QPSK Quadrature Phase Shift Keying

RRC Root Raised Cosine

RTL Register Transfer Level

SF Spreading Factor

SIR Signal to Interference Ratio

SNR Signal to Noise Ratio

SSDT Site Selection Diversity Transmission
TFCI Transport Format Combination Indicator
TPC Transmit Power Control
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TDMA Time Divison Multiple Access
UE User Equipment
WCDMA Wide-band Code Division Multiple Access
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