
 
 

Tunable Filters and Interference Rejection System for 

Interferer Suppression at RF and Microwave Bands 

 

Laya Mohammadi 

 

Dissertation submitted to the faculty of the Virginia Polytechnic Institute and 

State University in partial fulfillment of the requirements for the degree of 

Doctor of Philosophy   

In 

Electrical Engineering  

 

Kwang J. Koh 

Sanjay Raman 

Dong S. Ha 

Jeffrey H. Reed 

Guo Q. Lu 

 

August 9, 2016 

Blacksburg, Virginia 

 

Keywords: RF and microwave frequencies, band-pass filter, band-stop filter, 

interference rejection system 

 

Copyright 2016 

 



 
 

Tunable Filters and Interference Rejection System for 
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Laya Mohammadi 

ABSTRACT 

Contemporary wireless systems have advanced toward smart and multifunctional radios such as 

software-defined or cognitive radios which access a wideband or multiband spectrum 

dynamically. It is desirable for the wireless systems to have high frequency selectivity early in 

the receiver chain at RF to relax the dynamic range requirements of subsequent stages. However, 

integration of high selectivity RF band-pass filters (BPF), or band-stop filters (BSF) is 

challenging because of limited quality factor (Q) of passive components in integrated circuit (IC) 

technology [1]. 

This proposed research achieves the followings:  

1. Developing, and demonstrating innovative integrated band-pass filter that relaxes the 

performance tradeoffs in conventional LC filters to maximally increase filter reconfigurability in 

frequency tuning range (2-18 GHz), selectivity (Q=5~100) with superior dynamic range 

(DR>100 dB) at RF to microwave frequency range [2].  

2. Implementing active notch filter system comprised of a Q-enhancement band-pass filter (BPF) 

and an all-pass amplifier. The notch response is synthesized by subtracting the BPF output from 

the all-pass output. In the proposed synthetic notch filters, the BPF is responsible for defining 

selectivity while stop-band attenuation is primarily dependent on the gain matching between the 

BPF and all-pass amplifier. Therefore, notch attenuation is controllable independently from the 

bandwidth tuning, providing more operational flexibility. Further, the filter dynamic range is 

optimized in the all-pass amplifier independently from the selectivity control in the BPF, 

resolving entrenched tradeoff between selectivity and dynamic range in active filters [3]. 

3. Demonstrating the mode reconfigurable LC filter that works in either BPF or BSF for a 

flexible blocker filtering adaptive to the dynamic blocker environments. 

4. Implementing a novel feedback-based interference rejection system to improving the linearity 

of the BPF for high Q cases, in which the BPF Q is set to a specific value and further increase in 

Q is achieved using feedback gain. And finally, the second LC tank is added to increase the out 

of band rejection in band-pass characteristics.  
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GENERAL AUDIENCE ABSTRACT 

As many radios coexist and interference environment becomes more hostile and dynamic, it is 

critical to establish high frequency selectivity at the earliest possible stage in a receiver chain to 

avoid desensitization with a minimal power penalty. Historically, band-pass filters and band-stop 

filters have been used to avoid the receiver desensitization, however, the design of band-

pass/band-stop filters are more challenging at radio frequencies (RF).   

There are different type of RF filters including Q-enhanced LC filters and N-path filters. Q-

enhanced LC filters have been widely investigated for filtering blockers, but only with limited 

system applications due to a narrow dynamic range (DR). While, recently N-path filters are 

gaining growing attention, a high selectivity comes at the cost of system complexity and power 

penalty thereof: due to the inherent array architecture driven by multiphase clocks, the dynamic 

power dissipation in the N-path filter will be proportional to the increase of the filter center 

frequency (fc), claiming > 100ôs mW when the fc is projected over 10GHz for instance. 

Therefore, designing on-chip RF filters are still challenging due to the strong tradeoff among 

selectivity, dynamic range, and power consumption.  

The main goal of this research is to realize a high performance on-chip filter which is capable of 

mode switching between bandpass (BPF) and bandstop (BSF) for a flexible blocker filtering 

adaptive to the dynamic blocker environments.  
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Chapter 1 : Introduction  

As many radios coexist and interference environment becomes more hostile and dynamic, it is 

critical to establish high frequency selectivity at the earliest possible stage in a receiver chain to 

avoid desensitization with a minimal power penalty [4]-[6]. Figure  1.1 shows the block diagram 

of the receiver in presence of the strong blocker. It should be mentioned that in wideband 

wireless receivers the off-chip band-pass filter (BPF) which comes after the antenna may not 

have enough attenuation for strong blockers (blocker power as high as 0 dBm) due to limited 

tunability. This strong unwanted signal may saturate or desensitize the receiver due to either the 

nonlinearity of subsequent blocks or intermodulation products.  

1.1 Receiver interference problem 

The possible approach to overcome the interference problem is to use either band pass filter 

(BPF) with high selectivity to keep the desired signal and reject the unwanted ones or band stop 

filter (BSF) to reject the blocker. In either approach the receiver front-end should have enough 

attenuation for strong in band or out of band blockers to prevent the receiver from being 

saturated and relax the following blocks. 

 

Figure  1.1: Block diagram of receiver in presence of strong blocker. 

Although many researches have been done on different receiver blocks to improve the 

performance of RF blocks, the use of RF filters is still limited due to their poor performance [7]-

[11]. The required on-chip band-pass or band-stop filters should meet the system requirements 

such as wideband frequency tuning, bandwidth tuning independent from frequency tuning, high 

input compression point and therefore high dynamic range. In addition, it is necessary to have 

variable gain and robustness to large interfere.    
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On-Chip Analog/RF Bandpass Filters
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Figure  1.2: RF and analog band pass filters alternatives [12]. 

Figure  1.2 shows common structures for RF and analog filters. Al l passive filters in either 

microstrip or MEMS suffer from tradeoffs amongst selectivity, loss, and volume: the higher 

selectivity, the more passband losses, and the larger volume [12]. Therefore, passive filters are 

not a suitable option when high selectivity and variable gain is required. However, active filters 

are more feasible with RF requirements. The main active filter categories are as follows.  

1.2 Active Filters 

Usually the RF active filters suffer from trade-off between selectivity and dynamic range: the 

filter noise and linearity performances tend to be degraded when increasing the filter Q due to 

higher noise and nonlinearity by the transistors in the active filters. Active filters utilizing active-

RC or Gm-C filters are low frequency approaches. Although, Gm-C filters can operate in higher 

frequencies than active-RC filters, still their operation frequencies are mostly MHz or low GHz 

range. Also, they have poor performance in terms of dynamic range [13]. The main problem with 

on chip LC filters is the limited quality factor of on chip inductor and capacitors. In order to 

achieve a high Q inductor, active inductor techniques have been widely used [13]-[15].  

1.3 Q-Enhanced LC Filters 

Historically, Q-enhanced LC filters have been widely investigated for filtering blockers, but only 

with limited system applications due to a narrow dynamic range (DR) [16]-[21]. The filter noise 

and linearity performances tend to degrade as filter Q increases due to transistors creating higher 

noise and nonlinearity . It is shown in [12] that the dynamic range (DR) of the gm-C filters 

depends on 1/Q
2
 while the DR of the Q-enhanced LC filters depends on Q0/Q

2
, where Q0 is the 

quality factor of on-chip inductors. Therefore, in general Q-enhanced LC filters have higher 

dynamic range than gm-C filters. Also, Q-enhanced LC filters are better choices for high 

frequency applications since as frequency increases, their size decreases.  
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1.4 N-Path Filters 

Recently, N-path filters are gaining growing attention and can achieve a high selectivity (Q>50) 

with relaxed compromise of dynamic range [22]-[27]. However, the high performance comes at 

the cost of system complexity and power penalty thereof: the N-path filters require #N mixer 

array and multi-phased LO driving circuitry dissipating dynamic power proportional to the 

increase of filter center frequency. For instance in [24], the power dissipation grows from 3.6 

mW at 100 MHz to 43.2 mW at 1.2 GHz. The projected power dissipation at microwave range 

(e.g. >10 GHz) could be prohibitive for mobile terminals, let alone the difficulty in creating 

precision multi-phased LO signals at such high frequencies, likely limiting the application space 

below ~1ôs GHz range. Further, any mismatch in the N-path array will create LO spurs, 

hesitating its application to spur-sensitive defense systems. Also, it will be a challenging task to 

add the function of BPF-to-BSF mode reconfigurability in the N-path filters. Therefore, there is 

still a compelling research need to resolve the intrinsic problem of performance tradeoffs in 

active filters and thus to provide more power-efficient, hardware-economic, and robust filtering 

solution in addition to filter-mode reconfigurability adaptive to blockers environment.    

Based on the brief review on active filters, Q-enhanced LC filters have higher DR than gm-C 

filters and lower power consumption than N-path filters at RF and microwave frequencies. 

Therefore, Q-enhanced LC filters are the best candidate for high frequency realization; however, 

as mentioned in section 1.3 the strong tradeoff between selectivity and dynamic range is the main 

issue for this type of filters. Chapter 2, will analyses Q-enhanced LC filter in more details and 

the proposed techniques which improve the DR of the BPF significantly will be discussed.   
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Chapter 2 : Q-Enhancement Tunable LC Band-Pass 

Filters 

This chapter introduces a new Q-enhanced LC filter topology which adopts both current- and 

voltage-mode drivers for more operational flexibility in the linearity-noise tradeoff space. By 

applying a linear varactor control scheme in addition to a gain peaking technique enabled by a 

dynamic negative resistance cell, the proposed LC filter achieves one of the best dynamic range 

performances, compared with prior state of the art works. 

2.1 Curr ent-Driven BPF vs Voltage-Driven BPF 

Figure  2.1 shows two types of LC-resonator based Q-enhanced BPF topologies. For both cases, a 

negative resistance (-RP) is added to compensate a finite frequency-dependent LC-tank loss (RP) 

so that the overall filter Q is not limited by the RP but is controllable by Rc. Each filter topology 

has its unique opportunity in the RF design space. The current-driven BPF in Figure  2.1(a) can 

achieve larger signal gain with lower noise figure (NF) than the voltage-mode BPF at the cost of 

linearity degradation that will be particularly severe when the filter Q or Rc increases. Whereas, 

in the voltage-driven BPF in Figure  2.1(b) maximum signal gain is limited to unity regardless of 

the filter Q as long as the -Rp compensates the tank loss completely. Therefore, with little or no 

suffering from the gain-dependent nonlinearity, linearity performance of the voltage-driven BPF 

will be less sensitive to the increase of Q. However, output noise power by the LC tank and the 

active negative resistance will be proportional to the increase of Rc, resulting in a suboptimal NF 

performance compared with the 

 

Figure  2.1: LC-resonator based 2nd-order bandpass filter (BPF) topologies: (a) current-driven BPF and (b) voltage-

driven BPF. Rs represents finite driving source resistance in each case.     
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Figure  2.2: Switch-capacitor trade-off between Q and tuning range, (a) Q of the switch-capacitor versus switch 

width, (b) Tuning ratio (Con/Coff) versus switch width.  

current-mode BPF. In terms of selectivity, the source resistance, Rs, in the voltage-mode BPF is 

added incrementally to the filter resistance, not limiting the filter Q. But the Rs in the current-

mode BPF will load the LC filter, potentially limiting the filter Q. In practice, however, by 

increasing the strength of the negative resistance, the limitation of the Rs on the filter Q can be 

eliminated. The proposed BPF shown in Figure  2.9 utilizes both current- and voltage-driven 

structures so as to optimally leverage the distinctive merits of each topology depending on 

system applications and requirements.  

2.2 Varactor or Switch-Capacitor to Achieve 2:1 Frequency Tuning 

To achieve 2:1 frequency tuning range, the capacitance ratio should be at least 4:1. In addition to 

the tuning ratio, quality factor of the capacitor is also important because lower Q needs more 

negative resistance to compensate limited Q of the capacitor and therefore power dissipation, 

noise and, nonlinearity increase.  

The first and simplest approach for frequency tuning is a switch-capacitor network [28]. 

However, switch parasitic will limit the tuning range. Figure  2.2 compares a varactor with a 

switch-capacitor in terms of Q and tuning ratio for the same capacitance value. NMOS varactor 

with 1 pF at 4 GHz which has more than 4:1 capacitance ratio, can achieve Q of 43; to obtain 

same Q using switch cap, switch width should increase (switch on-resistance is inversely 

proportional to the MOSFET width). As the switch width increases, Q increases at the cost of 

higher parasitic which limits the tuning range. Figure  2.2 (a) shows that the switch width for 

Q=43 should be at least 560 µm. By setting W=560 µm, the capacitance ratio when the switch is 

on to the off state would be 2.7 (Figure  2.2 (b)), therefore 4:1 capacitance tuning is not possible  
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Figure  2.3: Nonlinear varactance of accumulation mode varactor and its modeling using truncated power series. CO: 

linear fixed capacitance at DC (VC=VO), CN1ĀȹV: nonlinear capacitance proportional to ȹV, and CN2ĀȹV2: nonlinear 

capacitance proportional to ȹV2. ȹV: 

using switch-capacitor network. The second option to obtain frequency tuning is varactor, in 

which large capacitor tuning with high Q is possible. However, when NMOS varactor 

experiences sharp transition from accumulation to saturation (Figure  2.3) it generates 

nonlinearity, which is of the main nonlinear elements in filter design and limits the dynamic 

range [29]. In section 2.3, varactor nonlinearity is explained and the proposed varactor control 

technique to overcome the dynamic range problem of Q-enhanced LC filters is discussed. 

2.3 LC-Tank Nonlinearity  

Varactor and negative resistance cells are two dominant nonlinear sources in the Q-enhanced LC 

tank. In this section, first, the nonlinearity of a varactor is modeled with a truncated power series. 

Then, a nonlinear passive feedback model has been developed to formalize the nonlinear 

coefficients of the LC tank with the varactor and thereby to develop a closed form expression for 

1-dB gain compression point (P-1dB). Finally, the nonlinear feedback and mathematical models 

are expanded by incorporating the nonlinear effect of the negative resistance to fully address the 

Q-enhanced LC tank nonlinearity. 

2.3.1 Nonlinearity in the Varactor  

In general accumulation mode MOS varactors (Figure  2.3), when the control voltage of the 

varactors passes the accumulation mode ( ), the varactor experiences a sharp nonlinear 

transition in the depletion mode (), causing a severe nonlinearity until the varactance saturates 

to its low limit ( ) [29]. To explore the nonlinearity of the MOS varactor, its nonlinear 

varactance (CV) has been modelled with a truncated power series around the DC quiescent point 

(VC|DC=VO), which is expressed as:  

ὅ ὠ ὅ ὠ Ўὠ ὅ ὅ ϽЎὠ ὅ ϽЎὠ  

, where                                                  ὠ ὠ Ўὠ     ρ 
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Figure  2.4: Nonlinear modeling of LC tank comprised of an inductor and nonlinear MOS varactor. The MOS 

varactor is replaced with the nonlinear varactance model developed in Figure 2.3 around the output DC operating 

point (VDC=VO). The LC tank loss contributed by the finite losses from the inductor and varactor is collectively 

represented by Rp.       

where DV is the AC component of the varactor output. The Co is a fixed linear capacitance 

dependent on the DC operating point. The CN1 [F/V] and CN2 [F/V
2
] are first- and second-order 

nonlinear capacitive coefficients that can be extracted by taking first- and second-order 

derivatives of the varactance with respect to the applied DC control voltage as shown in 

Figure  2.3. The CN1 has always negative value addressing monotonic decrease of capacitance 

versus the incremental voltage variation of DV, whereas CN2 experiences its polarity change in 

the middle of the varactance excursion accounting for the quadratic capacitance variations before 

and after the middle point in Figure  2.3. The incremental charge across the nonlinear capacitance 

can be given as  

Ὠὗὠ ὅ ὠ ϽὨὠȢ                            ς 

 

Consequently, the time varying current across the capacitance can be expressed as    

 

Ὥὠ
Ὠὗὠ

Ὠὸ
ὅ ὠ Ͻ

Ὠὠ

Ὠὸ
 

ὅϽ
Ὠ

Ὠὸ
Ўὠ  Ͻ

Ὠ

Ὠὸ
Ўὠ  Ͻ

Ὠ

Ὠὸ
Ўὠ  

Ὦὅ  ϽЎὠ  ϽЎὠ ЎὠȢ      σ 

 

Thus, in AC-wise the CN1 becomes half and CN2 becomes a third of its original value.    

2.3.2 Nonlinearity in the LC Tank  

In the LC tank comprised of an inductor and nonlinear MOS varactor in Figure  2.4, the nonlinear 

MOS varactance around its output DC is replaced with the nonlinear model developed in (1). In 

the equivalent circuit driven by a linear current source, in Figure  2.5, iN1 and iN2 represent the 

2nd and 3rd order nonlinear currents, corresponding to the second and third terms inside the 

parenthesis in (3), respectively. In a small signal approximation or weak nonlinearity, the Co, 
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                                  (a)                                                                              (b) 

Figure  2.5: Nonlinear feedback model of the LC tank: (a) transimpedance network model of the linear portion of the 

current driven LC tank, and (b) nonlinear current feedback model of the nonlinear capacitances in the LC tank.  

CN1 and CN2 would not change with a small enough disturbance of ȹV. In such a case, by 

configuring a differential circuit, the 2nd order nonlinearity in (3) would be negligible and the 

linear current can be approximated to DV/Rp at center frequency. Therefore, the peak voltage 

magnitude that causes 1 dB compression at the resonance frequency can be found as 

Ўὠȟ ḙ
τ

σ
Ͻ
ρὙϳ

 ȿὅ ȿσϳ

τ

ὗ
Ͻ
ὅ

ȿὅ ȿ
 

, where                                         ρ ὒὅϳ  ὥὲὨ ὗ ὙὅȢ                 τ     

This is valid when the varactor is biased in the flat regions  and  in Figure  2.3. It is 

noteworthy that Ўὠȟ  is inversely proportional to the Q, addressing the ingrained tradeoff 

between selectivity and linearity in varactor-tuned integrated LC filters. In the heavily nonlinear 

region (region  in Figure  2.3), however, a small variation of DV could cause substantial 

changes of the coefficients of Co, CN1 and CN2, invalidating the small signal approximation. In 

this strong nonlinear circumstance, the CN1 cancellation effect becomes less prominant and the 

2
nd

 order nonlinearity can affect the 3
rd
 order nonlinear distortion.  

 

Ўὠ ϽὭ ϽὭ ϽὭȢ    υ 

In the feedback model, DV can also be given as  

Ўὠ ὭϽὤ  Ὥ Ὥ Ὥ Ͻὤ   

Ὥ
Ὦὅ

ς
Ўὠ

Ὦὅ

σ
Ўὠ Ͻὤ Ȣ    φ 
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In (6), ὤ   can be approximated to (7) for each different current. 

ὤ 
Ὦ

ὗ
ϽὙ

  Ὦ

ὗ

 

ừ
Ử
Ừ

Ử
ứ ὤ  Ὑȟ            Ὢέὶ Ὥ ὥὸ  

ὤ ς ḙ Ὦ
ς

σ

Ὑ

ὗ
ȟ       Ὢέὶ Ὥ  ὥὸ  ς

ὤ σ ḙὙȟ            Ὢέὶ Ὥ  ὥὸ  σ

Ȣ             χ 

It should be mentioned that only the fundamental component of the 3
rd
 order IMD products will 

be of concern. Thus, the tank impedance is approximated to Rp for iN2 in (7). At resonance, 

applying (7) to (6) results in  

Ўὠ ὭὙ
ὅ Ὑ

σὗ
Ўὠ

Ὦὅ Ὑ

σ
ЎὠȢ    ψ 

By substituting the Ўὠ in (6) with the power series in (5), the nonlinear coefficients, a1, a2, and 

a3 under the feedback can be found and the results are given in (9)-(11) (see APPENDIX A for 

more details).   

 ὙȢ                                                   ω 


ὅ Ὑ

σὗ
Ȣ                                ρπ 

 Ὦ
ὅ Ὑ

σ
ρ
ςὅ

ὅὅ
    ρρȢ 

In order to find Ўὠȟ  (5) needs to be transformed to its Thevenin equivalent form which can be 

done by replacing the is with vs/Rp, resulting in  

Ўὠ Ͻ
ὺ

Ὑ
Ͻ

ὺ

Ὑ
Ͻ

ὺ

Ὑ
Ȣ    ρς 

Consequently, the Ўὠȟ  will be found to be  

Ўὠȟ ḙπȢρτυϽ


ȿȿ
ϽὙ

πȢτσυ

ὗ
Ͻ
ὅ

ȿὅ ȿ
Ͻρ

ςὅ

σὅὅ
Ȣρσ 

Apparently, (13) will be reduced to (4) when ὅ π. It is also noteworthy that even if ὅ π 

Ўὠȟ will be limited to ςȾὗϽȿὅ ὅϳ ȿ, still being affected by the 2
nd

 order nonlinearity and 

being traded with the filter Q. The sweet spot where peak Ўὠȟ  will happen is around the bias 
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Figure  2.6: Nonlinear feedback model of the Q-enhanced LC tank. It is assumed that unlike the varactor, the 

negative resistance circuit would maintain a weak nonlinearity, preserving a small signal approximation. This allows 

rejection of the second order nonlinearity using a differential circuit.       

point where ὅ ςὅ Ⱦὅ . The verification of the mathematical model through CADENCE 

simulations will be provided after completing the discussion by including the nonlinearity of a 

negative resistance unit in the following section.  

2.3.2 Nonlinearity in the Q-Enhanced LC Tank 

Figure 2.6 shows the nonlinear feedback model of the LC tank of which loss is partially 

compensated by a negative transconductor circuit to enhance the Q of the LC tank. The 

nonlinearity of the negative transconductance is modelled using a three-term power series: -gm1 

(-1/gm=-RN) represents a linear transconductance supplying current proportional to Ўὠ to the LC 

tank, and gm2 and gm3 are the 2
nd

 and 3
rd
 order nonlinear coefficients accounting for the distortion 

of the replenishing current. It is assumed that the transconductor would suffer from a weak 

nonlinearity preserving small signal approximation over the course of Ўὠ swing, allowing 

rejection of the even mode distortion by utilizing a differential circuit. Unlike varactor, this 

should be a valid assumption for typical differential active circuits under small signal 

perturbation. Thereby, in general differential Q-enhanced LC tanks, the nonlinearity of the 

negative transconductor will be dominated by the 3rd order nonlinear current which can be 

modelled in parallel with the varactor nonlinearity in the feedback system in Figure 2.6. 

The net effect of the nonlinearity of the negative transconductor is the modification of the 3
rd

 

order nonlinear coefficient in the feedback model. Thus, all the mathematic expressions made in 

the previous section will hold by replacing these parameters, 

Ὑ  O  Ὑ Ὑ ᷆ ὙȟύὬὩὶὩ Ὑ
ρ

Ὣ
 ρτ 

ὗ O  ὗ Ὑ ὅȟ      ρυ 

Ὦ
ὅ

σ
 O  Ὦ

ὅ

σ
Ὣ Ȣ   ρφ 



11 
 

If we introduce a new power series to describe the nonlinearity of the feedback system in Figure 

2.6 as 

Ўὠ ϽὭ ϽὭ ϽὭ                     ρχ 

Then, 

 Ὑ ȟ                                                                     ρψ 


ὅ Ὑ

σὗ
ȟ                                                   ρω 

 Ὑ Ὦ
ὅ

σ
ρ
ςὅ

ὅὅ
Ὣ Ȣ     ςπ 

Therefore, complete Ўὠȟ  including the nonlinearity of the negative resistance circuit will be 

given as   

Ўὠȟ ḙπȢρτυϽ


ȿȿ
ϽὙ  

πȢτσυ

ὗ
Ͻ
ὅ

ȿὅ ȿ
Ͻ ρ

ςὅ

σὅὅ

σὫ

ὅ
Ȣςρ 

2.3.3 Verification of the Nonlinear Models 

The simulation schematic to verify the nonlinear mathematic models of (13) is illustrated in 

Figure  2.7. For plotting input 1dB compression point (IP-1dB) based on the theoretical equation, 

the nonlinear coefficients of the varactor need to be obtained from simulation. Therefore, the 

effective capacitance versus the voltage across the varactor is plotted using Cadence and the 

required coefficients are extracted by taking the first and second derivatives of the capacitance 

with respect to its voltage. IP-1dB is then plotted by plugging the numbers from capacitance 

characterization into equation (13). The value of Q is calculated by assuming 350 Ý and 325 pH 

for the effective resistance and inductance of the tank, respectively. As can be observed from 

Figure 2.7, the nonlinear modelling of the varactor is validated for 4-8 GHz, which is one of the 

target frequency bands of this work. It is noteworthy to mention the frequency in which IP-

1dB reaches its maximum is very sensitive to the value of CN1 and CN2 and depends on how 

accurately the coefficients are modelled; the frequency of perfect coefficient cancellation varies. 

However, the overall nonlinear behavior of the capacitance remains unchanged regardless of 

characterization resolution. 
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Figure  2.7: IP-1dB versus frequency using cadence and eq. (13). 

2.4 Q-Enhanced LC tank noise model  

Figure  2.8 (a) shows the main noise sources in the Q-enhanced LC filter. To relax the linearity-

noise trade off space, Q1 and Q2 are deriving the LC tank as a voltage mode and current mode, 

respectively. Negative resistance is the main source of noise in Q-enhanced LC tank; as the Q 

increase, the negative resistance strength increases, thus noise increases. The Q-enhanced filter 

NF can be expressed as 

ὔὊ ρ

τὑὝ
ρ
Ὑ

ρ Ὧ
Ὑ

Ὃ
ὶ

ὶὩ Ὑ
Ὣ Ὣ

τὑὝϽυπ
 

                                          Ͻ
τὙ

ρ Ὃ Ὑ
Ȣ                             ςς 

In which k=re1/2Rc, re2=1/gm2, Gm2=1/(re2+RE), and ɔ(gm3+gds3) is the noise of the triode NMOS 

in parallel with a resistor that controls the negative resistance. In (22) the first term is due to the 

matching resistor and the second term is due to the LC tank and drivers. In the proposed filter, 

noise due to Rp and Rc are negligible, therefore 1/Rp and (1+k)/Rc are much smaller than other 

terms and will not be considered further for analysis. Current driver and variable resistor in 

negative gm cell are dominant noise sources. To write (22) based on the gain and quality factor 

of the filter: 

ὃ ρ Ὃ Ὑ Ͻ
Ὑ

Ὑ Ὑ
Ͻ
ρ

ς
        ςσ 

In which Req=Rp||R-gm, and 1/2  is due to 50ɋ matching. 
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Figure  2.8: (a) Q-Enhanced LC tank noise model including voltage driver (Q1) and current driver (Q2). (b) NF 

versus Q of the filter for constant gain of 10 dB for simulation and eq. (26). 
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Therefore, NF based on the gain and Q of the filter is  
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Figure  2.8 (b) shows the NF versus Q in simulation using CADENCE with 0.13 µm BiCMOS 

IBM H8P model as well as the model of (26). For noise analysis, the total gain of the filter is 

considered as 10 dB for all Q cases. Therefore, as Q increases, the total tank resistance increases 

so the RE should increase to decrease the gain of the current mode driver and keep the total gain 

of the filter constant. This generates more noise since by increasing Q, current driver path is 

turning off gradually to keep the total gain of the filter constant. As Figure  2.8 (b) shows, in 

lower Q case simulation and (26) have ~1 dB difference due to NF approximation, but as Q 

increases, negative resistance noise contribution is much higher than the terms which are 

neglected so, theory matches the simulation very well. NF derivation details for (22) and (26) are 

shown in APPENDIX B. 
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Figure  2.9: The complete schematic of the proposed Q-enhance LC band-pass filter. 
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Figure  2.10: Intrinsic LC tank Q for 2.25-4.5 GHz, 4-8 GHz and 8-16 GHz designs. 

2.5  Bandpass Filter Design 

In Figure  2.9, Q1,2 drives the LC filter tank in voltage mode with ~15 ɋ driving impedance 

(Ibias=1.5 mA/path) while the degenerated variable gain transconductor composed of Q3,4 and 

RG drives the passive filter network in current-mode (Ibias=1 mA/path). The range of varistance 

by RG and triode NMOS is 10~450 ɋ. Decreasing RG makes the current mode stronger, resulting 

in better NF. The RG, however, can be set to its maximum when linearity is of primary concern. 

Input matching is established with a resistor termination by RI (100 ɋ), mainly for interface with 
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Figure  2.11: Dual varactor inverse (DVI) control: (a) nonlinearity in typical single varactor control and (b) DVI 

control to improve linearity of the varactor. The varactor is ñNFET in n-wellò structure.    

measurement equipment. The 50-ɋ driver buffers filter output with minimal loading effect on 

the LC tank. In the proposed circuit, L and two varactors CV and CA comprise the frequency 

tunable LC tank. Table I shows the LC tank parameters for three different designs, 4-8 GHz, and 

8-16 GHz tunable frequency when including layout parasitics. Figure  2.10 shows the intrinsic 

LC tank Q versus frequency which is 14-20, 14-24, and 13-29 over the frequency tuning range of 

2.25-4.5 GHz, 4-8 GHz, and 8-16 GHz. The base of Q1,2 is biased at VCC and therefore the diode 

Q9 sets an equal bias voltage across M1,2, driving the M1,2 into deep triode region. Thus, a lower 

filter Q than the intrinsic LC tank Q can be obtained by controlling the MOS triode resistance in 

parallel with the RC (350 ɋ). The Q9 also provides bias current for the negative transconductor.  

2.5.1 Dual Varactor Inverse (DVI) Control  

The varactor nonlinearity is a major nonlinear source in the LC tank. As shown in Figure  2.11(a), 

when the control voltage of an accumulation-mode MOS varactor passes the accumulation mode 

( ), the varactor experiences a sharp nonlinear transition in the depletion mode (), causing a 

severe nonlinearity until the varactance saturates to its low limit (). The expression of the 

nonlinear varactance in Figure  2.11 (a) is an approximation using a truncated power series 

around the operating point: Co is a linear capacitance where charge (QV) accumulates linearly, 

creating a linear time varying current (=Co·dVc/dt) for a given control voltage (Vc). CN1 and CN2 

represent nonlinear capacitance coefficients dependent on the first and second order of applied 

control voltage and therefore generate 2
nd

 and 3
rd
-order nonlinear currents, respectively. 

For differential LC tank, the nonlinearity caused by CN1 will be negligible and it is critical to 

suppress CN2 to linearize the LC tank. To achieve this, a dual varactor inverse (DVI) control 

scheme is proposed as shown in Figure  2.11 (b). The polarity of CN2 changes approximately in 

the middle of the varactance range. In the DVI  control, when main varactor voltage deviates 

from the middle point, the control voltage of the auxiliary varactor, CA, moves in the opposite 

direction so that CN2 of the two varactors can be cancelled out in the heavily nonlinear region. 
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Figure  2.12: IP-1dB improvement with dynamic resistance by MOSFET size optimization. 

The main varactor size (or varactance range of DCV,M in Figure  2.11 (b)) needs to be larger than 

the auxiliary varactor size (or varactance range of DCV,A in Figure  2.11 (b)) to achieve the target 

tuning range. In this design, a 3:1 size ratio (a=1/3 in Figure  2.11 (b)) is used for the main and 

auxiliary varactors. Furthermore, by optimizing the control voltages IP-1dB can be improved by 

more than 10 dB at 3 GHz in simulation. 

2.5.2 LC-Resonator with Dynamic Negative Resistance  

The negative resistance needs to be variable to get Q tunability. However, the direct control of Rx 

will induce different loading capacitance to the LC resonator, causing frequency drift depending 

on the Rx change. This Q-dependent frequency error can be minimized by isolating the Q-tuning 

element from the LC tank. In Figure  2.9, Q5,6 and Rx (200 ɋ) produce a fixed negative resistance 

and isolates the variable negative resistance cell composed of Q7,8, Ry (400 ɋ) and M3,4 from the 

LC tank.  

When the LC resonator output swing is large enough the Q7,8 will drive M3,4 toward deep triode 

region and the MOS resistance is no longer a small-signal static resistance but a large-signal 

dynamic resistance which depends on the output signal swing. Figure  2.12 shows that by 

optimizing the size of M3,4 and Ry, it is possible to change the dynamic resistance and increase 

gain peaking to achieve higher compression point. Size of NMOS is chosen 20 µm to obtain ~ 

1dB of gain peaking. Figure  2.13 (a) shows the change in negative resistance as the output swing 

increases. When the negative resistance increases, the total tank resistance will increase, 

therefore, output gain increases and the resulting gain peaking improves power handling of the 

filter (Figure  2.13 (b)).   
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Figure  2.13: (a) Dynamic negative resistance versus output voltage swing (b) Total tank resistance versus output 

voltage swing. 
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Figure  2.14: (a) Linearized variable negative gm cell. (b) Variable negative resistance using triode NMOS in parallel 

with a resistor. (c) Variable negative resistance using current source.  

After the compression point, Q5,6 and Q7,8 start to deviate from the forward-active region, 

decreasing the dynamic resistance (Figure  2.13 (b)). The composite negative transconductor 

together with the variable RC enables 3 to >100 of Q control range over the entire target 

frequency band with stable circuit operation in simulation. The fixed negative resistance unit 

consumes 2 mA and the variable negative transconductor takes 2-5 mA per path from 3.3 V 

supply depending on the Q control. 

2.5.3 NF-Linearity Tradeoff in Q -Enhanced LC Tank 

As mentioned in section 2.5.2, to achieve higher Q than intrinsic LC tank Q, variable negative 

resistance is required. Figure  2.14 shows two ways to change negative resistance; in (b) the 

negative resistance changes using a triode NMOS in parallel with Ry. As described in LC 
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(a) (b) (c)  

Figure  2.15: Chip photograph, (a) 2.25-4.5 GHz size 0.7×0.68 mm2 (b) 4-8 GHz 0.7×0.68 mm2 (c) 8-16 GHz 

0.6×0.58 mm2, including pads. 

resonator with dynamic resistance, by appropriate sizing of NMOS, the dynamic negative 

resistance is obtained which improves IP-1dB by 2-3 dB with introducing gain peaking. In terms 

of noise, Eq. (22) shows the noise contribution from triode NMOS which is ɔ(gm3+gds3), is 

considerable and increases the NF by 2-3 dB. However, if the negative resistance is changed 

using a current source, there is no peaking and therefore IP-1dB would degrade by 2-3 dB, while 

NF will improve by the same factor.  This design is optimized for maximum linearity, so the 

triode NMOS in parallel with a resistor is utilized to improve linearity in linearized negative gm 

cell.  

2.6 Experimental Results  

The proposed band-pass filter is designed and implemented at three different frequency bands 

using 0.13 mm SiGe BiCMOS technology (1P7M, fT/fmax=180/220 GHz). Since the filters are 

pseudo-differential circuits, highly symmetric layouts are striven for differential matching. The 

chip photographs for S-band, C-band, and X-Ku band designs are shown in Figure  2.15. The 

silicon chips are measured after differential SOLT calibration with GSSG probes (calibration 

step: ~3 MHz). 180-degree hybrid couplers are used at the input and output, for single-ended 

interface with measurement equipment. The BPF measurements confirm that the filter Q can be 

increased from less than 5 up to 100 over the entire frequency bands by controlling the RC and 

RY in Figure  2.9, with stable circuit operation (K-factor > 1).  For 2-4 GHz design, the measured 

DC current ranges 13-20 mA from 3.45 V supply voltage, depending on the Q control. For 4-8 

GhHz filter, the DC current is 17-21 mA from 3.3 V supply voltage. For 8-16 GHz filter, the DC 

current is 15-26 mA from 3.45 V supply voltage. 

Filter center frequency with varactor control, 2:1 can be tuned continuously for all measured 

chips. Figure 2.16 (a), (b), and (c) show measured band-pass filter frequency tuning 

characteristics with 0.25 GHz and 0.5 GHz step for the S-band, C-band, and X-Ku bands design, 

respectively. In this case, the BPF gains are adjustable from 0-20 dB for all measured 

frequencies.  
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Figure  2.16: Measured frequency tuning characteristic for (a) 2.25-4.5 GHz, (b) 4-8 GHz, and (c) 8-16 GHz. 

 

Figure  2.17: Measured bandwidth tuning characteristic for (a) 2.25-4.5 GHz, (b) 4-8 GHz, and (c) 8-16 GHz. 

Figure 2.16 shows the normalized S21 response. Note that in actual on-chip system integration, 

the input and output 50-ɋ termination may not be necessary. Then without 50-W matching loss, 

filter voltage gain could be 12 dB higher than the measurement. Figure 2.17 displays measured 

BPF responses for different BPF Q settings, at 3.25 GHz in Fig 2.17 (a), at 6 GHz in Fig 2.17 (b) 

and at 12 GHz in Figure 2.17 (c). As mentioned, the resistive 50-ɋ termination establishes 

wideband input and output matching: measured S11 and S22 is better than -10 dB for all 

measurement frequencies (Figure  2.18). Since the BPF section is isolated by emitter-followers 

from the input and output, the bandwidth control or frequency tuning in the BPF does not alter 

the impedance matching performance. 

Figure 2.19 (a) shows more than 8 dB improvement of IP-1dB by the DVI control together with 

the negative resistance gain peaking technique (0.4 dB peaking), compared with conventional 

single varactor control. Minimum gain ranges from 0 dB at Q=3 to ~20 dB at Q=150. As seen in 

Figure 2.19 (b) one can observe 0.4-0.6 dB gain peaking at high input power for virtually all high 

Q cases (Q>30), enhancing the power handling capability of the filter. (c) reveals typical filter 

tradeoffs amongst gain, linearity, and NF at Q=40 (fc=3.25 GHz): when gain increases from 8 to 

20 dB, NF improves from 18 dB to 11 dB at the cost of IP-1dB decreasing from 5 dBm to -7 dBm. 
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