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Abstract

Thermal noise-canceling radio-frequency (RF) circuits are available in the literature for more than two

decades now. Yet, no systematic methodologies are available to analyze and design these noise-canceling circuits.

The main objective of this thesis is to develop a generic theory of noise-canceling circuits and use it in the analysis

and design of new noise-canceling circuits. A feedback-based noise-canceling model is developed as part of this

work to explain the operation of existing noise-canceling circuits. The proposed model is validated through the

analysis, design, and simulation of known noise-canceling low-noise-amplifiers (LNAs) and receivers. Further, a

new systematic methodology to generate all multi-transistor noise-canceling circuits is developed in this thesis.

Based on the proposed methodology, the thesis also develops a few new noise-canceling circuits. One

such circuit is a low-power partial noise-canceling complementary common-gate (CG) LNA. The performance

of the LNA is further improved using a complementary linearization technique. The LNA effectively uses

low-power techniques around a CG structure to reduce the power consumption by four times for a given

input impedance. The complementary transistors are appropriately designed with optimum biasing to achieve

linearization within the circuit. A prototype of the proposed LNA is implemented in a standard 180 nm

complementary metal-oxide-semiconductor (CMOS) technology. Laboratory measurements show that the LNA

has an input third-order intercept point (IIP3) > 0 dBm from 0.1-to-1 GHz while consuming only 0.735 mW of

dc power in the high-linearity mode of operation. In the low-noise mode of operation, the LNA has a minimum

noise figure (NF) of 3.41 dB while consuming 1.2 mW of dc power. The proposed LNA achieves one of the best

figure-of-merit (FOM) among all existing low-power inductorless wideband LNAs in the literature.

Due to its low-power, low-noise, and high-linearity characteristics, the proposed complementary common-

gate (CCG) amplifier can also be used as a baseband amplifier in receivers. In this work, a low-power N-path

mixer-first receiver is designed using the proposed CCG amplifier as a trans-impedance amplifier (TIA). A

prototype receiver is implemented in a 180 nm CMOS process. The receiver operates from 0.3 to 1.3 GHz

with a conversion gain of 21.9 dB. In measurements, the receiver achieved an in-band (IB) IIP3 of +7.2 dBm

xi
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and a noise figure of 5.8 dB while consuming 0.34 mW power per TIA at 1 GHz. The measured spurious-free

dynamic range (SFDR) at 1 GHz is 76.9 dB. Overall, the mixer-first receiver presented in this work achieved a

good in-band SFDR while consuming the lowest static power.

xii
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1. Introduction

1.1 Introduction

The usage of wireless communication systems, such as mobile phones, has increased exponentially over

the last few decades. With every new generation of radio access technology (RAT), there is a continuous rise

in the performance requirements, such as sensitivity, linearity and blocker tolerance of a radio frequency (RF)

front-end [1]. The power consumption of modern RF front-ends is also rising to meet these high-performance

requirements. Another important requirement of a modern radio receiver is the support for multiple com-

munication standards that are spread across the frequency spectrum. One possible way to support multiple

frequency bands is to use several dedicated narrow-band radios in parallel [2]. Alternatively, a wideband low

noise amplifier (LNA)-based architecture, such as the one shown in Fig. 1.1 [3–5], can also be used for this

purpose. In Fig. 1.1, the LNA operates over a wide range of frequencies. The receiver can be tuned for a specific

communication standard by varying the LO frequency and baseband (BB) filter bandwidth. The sensitivity

of this wideband receiver largely depends on the noise performance of the LNA. If the LNA is designed to

have a high gain, the noise contribution of the subsequent stages can also be minimized. Wideband LNAs can

be designed with [6–11] or without inductors [12–20]. Inductorless wideband LNAs [12–20] are preferred in

integrated receivers because of their small area.

RFin

outI

LNA

outQ

fLOI/Q gen.

Mixer BB Filter

Figure 1.1: Block diagram of a wideband direct-conversion receiver chain.

In order to achieve high-performance, the RF front-ends typically require high power. However, portable

electronic devices need to operate within a stringent power budget to enhance battery life. Typically, two types

of power consumption are associated with a radio receiver [3–5,21–27]: dynamic and static. The dynamic power

consumption is due to the clock buffers driving the mixer switches, while the static power consumption is due

2
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to the RF LNA and the baseband low pass filter. In radio receivers, the dynamic power consumption depends

on the supply voltage and the node parasitic-capacitances. With technology scaling, both supply voltage and

node capacitances are reduced, and thus the dynamic power consumption is also minimized. The static power

consumption in an RF front-end constitutes a significant portion of a receiver’s total power budget [4, 28–32].

The objective of this thesis is to improve the noise and linearity performance in low-power wideband LNAs and

receivers.

The rest of this chapter is organized as follows. A brief introduction to LNAs is provided in section 1.1.1,

followed by a review of low-power wideband LNAs and their limitations. Section 1.3 provides a performance

comparison of low-power LNAs. Section 1.4 provides the problem formulation and organization of the thesis is

described in section 1.5.

1.1.1 Introduction to LNAs

An LNA has to amplify the received signal of power level −80 to −100 dBm while adding as low thermal

noise as possible. The LNA input impedance should be matched with the antenna impedance to minimize

reflections at the antenna-LNA interface. The noise performance of an RF circuit is characterized by a parameter

called noise factor (F). The noise factor of a circuit is defined as the ratio of input signal-to-noise ratio (SNR) to

the output SNR [12]. Hence,

F =
SNRi
SNRo

, (1.1a)

where SNRi and SNRo are the input and output signal-to-noise ratios, respectively. Noise figure (NF) is noise

factor expressed in decibels (dB), i.e., NF (dB) = 10× log10(F ). Fig. 1.2 shows the block diagram of an LNA

with its input and output signal and noise. Let Si and Ni represent the signal power and noise power at the input

of the LNA. Similarly, So and No represent the signal power and noise power at the LNA output. Both signal

and noise at the input get amplified by the gain of the LNA, which is G. Additionally, the amplifier adds its own

noise Na at the output. Hence, the noise factor, given in equation (1.1a), can be represented as

F =
(Si/Ni)

(So/No)

=
(Si
So

)
.
(No

Ni

)
=

1

G
.
GNi +Na

Ni

= 1 +
Na/G

Ni
. (1.2a)
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G
Si

Ni

So

No

Na

LNASNRi =
Si

Ni

SNRo =
So

No

No = GNi +Na

Figure 1.2: An LNA with its input and output signal and noise.

From equation (1.2a), one needs to increase gain and reduce the noise added by the amplifier to minimize the

noise factor. Hence, an LNA should provide sufficient gain to the incoming RF signals while adding very low

noise of itself.

Apart from the gain and noise factor, linearity is another essential property of an LNA. When a large

signal is applied to the input of an amplifier, signal compression occurs because of device nonlinearity. Signal

compression is characterized using the parameter 1-dB compression point (P1dB), which is the input signal level

for which the gain falls by 1 dB [12]. Additionally, when input tones of two or more frequency components are

applied to the input of the amplifier, third-order intermodulation (IM3) components are generated [12]. If the

amplitudes of the input tones rise, the IM3 products increase sharply. Input third-order intercept point (IIP3) is

an estimate of the input power level for which the fundamental and the IM3 components at the output become

equal [12].

1.1.2 Wideband LNAs

Two well-known wideband LNAs are resistive shunt feedback (RSF) LNA and common-gate (CG) LNA.

Fig. 1.3(a) shows the circuit diagram of a CG LNA. In the circuit shown in Fig 1.3(a), Rs is the source resistance,

and R1 is the load resistance. Let gm1 represent the transconductance of M1. The input impedance of the CG

LNA is equal to 1/gm1 (if channel-length modulation and body effect are neglected) [12]. One has to choose

gm1 = 1/Rs to provide appropriate input matching. The noise factor of the CG LNA (denoted as FCG) can be

derived as

FCG = 1 + γm + 4
Rs
R1
, (1.3a)

where γm is the themal noise coefficient of a MOS transistor. If R1 is designed such that 4Rs/R1 � 1,

equation (1.3a) reduces to FCG ≈ (1 + γm). Even in that case, the NF of a CG LNA reaches 3 dB (for γm ≈ 1).

4
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(a)

R1

vout

Vb

Rin
(b)

Rf

vout

Rs

vin

Rin

ve

M1

M1

vin
Rs

ve

Figure 1.3: (a) a common-gate LNA [12], (b) A resistive shunt feedback LNA [12].

Fig. 1.3(b) shows the circuit diagram of a resistive shunt-feedback (RSF) LNA. In the circuit shown in

Fig 1.3(b), Rs is the source resistance, and Rf is the feedback resistance. Let gm1 represent the transconductance

of the MOS transistor M1. The input impedance of the circuit is equal to 1/gm1 (if channel-length modulation is

neglected) [12]. Under the condition for input matching, gm1 = 1/Rs. The noise factor of the RSF LNA (FRSF )

is given by

FRSF = 1 + γm +
4Rs
Rf

. (1.4a)

For γm ≈ 1, the NF of the RSF LNA exceeds 3 dB even if 4Rs/Rf � 1.

In the two wideband LNAs discussed, the matching device’s gm is decided by the input impedance require-

ment and cannot be increased arbitrarily. Hence, the input impedance and NF of an inductorless wideband LNA

are tightly coupled with each other.

1.2 Low power wideband LNAs and their limitations

Section 1.1 highlighted the importance of low power operation in RF receiver front-ends. This section

gives an overview of existing low-power techniques for the design of wideband LNAs and highlights their

limitations. Different low-power design techniques have been categorized into three main sub-categories, such

as- current-reuse technique, gm-boosting technique, and sub-threshold or low supply-voltage design.

5
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1.2.1 Current-reuse technique

Sharing the same DC current among multiple input transconductors is a frequently-used technique to achieve

low power operation. This technique, referred to as current-reuse, has been used to design various low-power

wideband LNAs [33–44] in the literature. Fig. 1.4(a) and 1.4(b) demonstrate the use of the current-reuse

technique in a resistive shunt-feedback LNA [33, 36, 38, 42] and a common-gate LNA [39], respectively. In

the circuits shown in Fig. 1.4, the LNA’s effective transconductance is the sum of the pMOS and the nMOS

transconductances. As a result, the effective transconductance gets doubled for a given DC current. [34]

employed a CG amplifier with active feedback where the CS feedback stage reuses the same DC current of

the input transistor. A current-reused CG LNA with shunt and series peaking technique is adopted in [35] to

achieve ultra-wideband operation at low-power levels. A complementary current-reuse with a tunable active

shunt-feedback scheme is used to design an ultra-low-power (ULP) wideband LNA in [40]. In [40], the input

transistor reuses the feedback stage’s current to improve the current efficiency of the designed LNA. [41] used

low-current active feedback in a complementary current-reuse RSF LNA to reduce the power consumption.

vout

vin

Mp

Mn

(b)

Rs

vout

vin

Mp

Mn

(a)

Rs

Vp

Vn

Figure 1.4: Current-reuse technique in (a) a resistive shunt feedback LNA [33] and (b) a common-gate LNA.

1.2.2 gm-boosting technique

In a gm-boosting technique, the effective gm of the input transistor is increased compared to a CG amplifier

biased with a given DC current. This technique can reduce the power level needed to achieve the input match

while simultaneously improving the noise factor. In literature, the gm-boosting technique has been employed to

design various low-power LNAs [36, 37, 42, 45–52]. Fig. 1.5(a) shows the capacitor cross-coupled gm-boosting

technique [45–47, 50] in a fully differential CG LNA. As shown in Fig. 1.5(b) [48], an inductive transformer can
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be used to achieve higher gm-boosting at no additional power. However, transformer-based gm-boost requires a

large silicon area and results in a narrow band operation. Another possibility is to use active gm-boost based on a

CS amplifier [53,54], as shown in Fig. 1.5(c). [51] demonstrated the effect of back gate control in an active boost

CG LNA to achieve low power consumption. The LNA in [36] employed capacitor cross-coupling along with

positive-negative feedback to achieve low power consumption. [52] employed a triple cross-coupling technique

to design an ultra-low-power CMOS LNA for WPAN applications. [42] used current-reuse negative feedback on

a gm-boosted CG structure to design a low-power LNA for sub-GHz applications.

M1

vout

M2

vin

(a)

M1

vout

(b)

vinn:1

M1

vout

(c)

vin

Figure 1.5: (a) A capacitor cross-coupled differential CG LNA [45–47]. (b) Transformer based gm-boost [48]. (c) CS
based active gm-boost [53].

1.2.3 Sub-threshold and low supply-voltage architectures

Apart from the discussed techniques, another possible way of achieving low-power is to adopt a sub-threshold

design [52, 55] or use a low supply voltage [38, 39, 56]. [55] employed sub-threshold biasing to achieve low-

power operation while utilizing the Miller effect for wideband input matching. [57] employed sub-threshold

biasing along with gain-boosting to a folded cascode structure to design a low-power LNA. A forward body

biasing (FBB) technique is employed in [56] to achieve low-power wideband input impedance matching at

a low supply voltage of 0.5 V. An ultra-low-voltage (ULV) operation with an inductive series peaking in the

feedback path is employed in [38] to design a low-power ultra-wideband (UWB) LNA. [39] demonstrated the

importance of FBB to improve the intrinsic gain in ULV circuits with no additional power consumption. FBB

and a complementary current-reuse technique are used to design an ultra-low-power (ULP) wideband LNA at a

supply voltage as low as 0.4 V [39]. [58] employed body floating with self-bias technique to reduce the threshold

voltage (VTh) of the MOS transistor to achieve low-power operation in a wideband LNA.

7
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1.2.4 Summary of existing low-power techniques and their limitations

Tab. 1.1 presents a brief summary of existing low-power LNAs in the literature.

Table 1.1: Performance summary of existing low-power LNAs in the literature

Low-power
Techniques

Inductor
present?

Operating Freq.
(GHz)

Gain
(dB)

3-dB BW
(GHz)

NF
(dB)

IIP3
(dBm)

Power
(mW)

Access
2021 [54]

Multi-mode LNA
with gm-boosting

No – 16.8 4 6.6 −16.4 0.35
No – 19.4 5.2 5.4 −16.8 0.9

ISCAS
2018 [42]

gm-boosted CG
+ current-reuse

negative feedback
No 0.04− 0.8 14.27 0.76 6.5 −5.74 0.49

MWCL
2017 [52]

Sub-threshold
operation + triple

cross-coupling
No 0.4− 1 15.5− 18 0.6 4.2 −14 to −21 0.2

ISLPED
2017 [51]

Back gate control
+ active boost CG

No 0.45− 6 16.8 5.55 7.3 −16 0.3

TMTT
2016 [40]

Current-reuse
+ tunable active
shunt-feedback

No 0.1− 2.2 12.3 2.1 4.9− 6 −9.5 0.4

AICSP
2014 [36]

Capacitor cross
coupling + positive
negative feedback

No 0.5− 2.5 15 2 3.9− 5 +3.1 0.91

MWCL
2021 [58]

Body floating
+ Self-bias
technique

Yes 2.3− 9.1 9.4 6.8 3.89 −6.8 1.36

TCAS-II
2020 [44]

Forward body bias
+ negative feedback

capacitor
Yes 2.4− 3.35? 10 0.95? 4 0 0.6

MWCL
2020 [59]

Gate-source
transformer

feedback
Yes 21.2− 24 19.1 2.8 3.6 −31 0.99

TCAS-II
2019 [60]

Forward-body-bias
+ self-balanced
pseudo resistor

Yes 2.26− 2.56? 10.4 0.3? 3.46 −8.4† 1.31

JSSC
2016 [39]

Current-reuse
+ forward

body biasing
Yes 0.6− 4.2 14 3.6 4 −11.5 to −9.5 0.25

TVLSI
2015 [38]

Current-reuse + low
voltage + inductive

series peaking
Yes 0.1− 7 12.6 6.9 5.5− 6.5 −6 to −9 0.75

MWCL
2014 [37]

Current-reuse
+ gm-boosting

Yes 2.3− 2.6 14.7 0.3 4.8 +2 0.58

RFIC
2011 [43]

Current-reuse
+ forward

body biasing
Yes 2− 2.3 13.9 0.3 5.14 −9.3 0.21

? Estimated from figures, † Estimated from IIP3 = IIP1 + 9.6 dB

From Tab. 1.1, most of the existing low-power LNAs either have a suboptimal noise figure or suffer from

poor linearity performance. The LNAs presented in [38, 40, 42, 43, 51, 54] achieve sub-mW power levels but at

the expense of degraded noise and linearity performance. The LNAs in [39, 52, 58–60] offer a moderate NF but

suffer from a poor linearity performance. Moreover, the circuit in [60] contains multiple inductors and has a low

3-dB bandwidth (BW). The resistor feedback technique in [36] helps to achieve a good linearity performance;

8
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1.2 Low power wideband LNAs and their limitations

however, the design procedure of the LNA is more involved due to the positive feedback. The work presented

in [37] also achieves a good linearity performance but requires an inductor to tune-out the output capacitance and

has a low 3-dB BW. [44] achieves moderately good NF and linearity at low power levels, but requires multiple

inductors for its operation.

As discussed in section 1.1.1, the NF of an LNA is a measure of the additional noise that the LNA adds

to the incoming RF signal. Typically, NF needs to be as low as possible to maintain a good output SNR at a

certain power budget. In inductorless wideband LNAs, the NF and the input impedance matching are tightly

coupled with each other [12]. Consequently, one cannot choose an arbitrarily high value of transconductance to

achieve an improved noise performance since that would degrade the input matching as well. gm-boosting can

relax the trade-off between the input matching and NF to some extent [45–48, 53, 54]. However, the amount of

advantage obtained in NF is fixed in the case of a capacitor cross-coupling technique [45–47]. Higher gm-boost

can be obtained by employing an active boost technique [53, 54]; however, additional power consumption is

required for the boosting amplifier, which makes it less suitable for low-power applications. Furthermore, the

extra noise contributed by the active boost stage reduces the NF advantage to some extent. The input transistors

of the LNA may be biased in the sub-threshold region to reduce power consumption. However, sub-threshold

operation typically leads to a degraded noise performance. All this makes achieving low NF at low power levels

a challenging problem.

The relation between nonlinearity and power consumption needs further discussion. The output voltage (Vout)

of a nonlinear system for a given input voltage (Vs) can be represented as [12]

Vout = a1Vs + a2V
2
s + a3V

3
s + ...+ anV

n
s ,

where a1, a2, a3, ...an are the Taylor series coefficients of the output. In an amplifier, a1 represents the linear

gain of the system, while a2, a3, ... are the second, third and higher order distortion coefficients. Here,

an =
1

n!

[
∂nVout
∂Vs

n

]
.

The IIP3 of such a system can be given by [12]

AIIP3 ≈
√

4

3
.
a1

a3
(1.7a)

From equation (1.7a), one needs to increase a1 and decrease a3 for enhancing the linearity of an amplifier. a1

depends on the available gm and is inherently proportional to the power consumption of the system. On the
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1. Introduction

other hand, the third order distortion coefficient a3 is typically a device-dependent parameter. Hence, it is not

straight-forward to achieve any arbitrarily small value of a3 from the circuit design perspective. Consequently,

the achieved linearity performance of an amplifier significantly depends on the available gm and effectively on the

power consumption of the circuit. The dependence of achieved linearity performance on the power consumption

is also reported in the literature [61]. According to [61], both P1dB and IIP3 improves with increasing gate

overdrive voltage which requires the power consumption to be increased. This makes it a challenging problem to

achieve a high linearity performance at low power levels.

1.3 Low power LNAs with low NF or high linearity

Various techniques have been proposed to improve the noise [16, 62–67] or the linearity performance [41, 68,

69] of low-power wideband LNAs. In this section, these noise and linearity improvement techniques have been

discussed.

1.3.1 Low power LNAs with low NF

Most of the low-power LNAs presented in Tab. 1.1 have reported a slightly high NF. One of the main reasons

behind the poor noise performance is the trade-off that exists between input impedance match and the noise

figure of a wideband LNA [12]. [70] employed a combination of active and passive gm-boosting to achieve

an optimized noise performance. [62] demonstrated wideband LNAs with improved noise performance by

using a technique called noise cancellation (NC). A combination of current-reuse and partial noise cancellation

is employed in [62] to achieve improved noise performance along with wideband low-power operation. NC

technique, along with current-reuse and inductive gm-boosting, is used to design a ULV, ULP, wideband

LNA in [65]. [63] employed double gm enhancement along with partial NC to achieve an optimized noise

performance at low power levels. In [64], the noise performance of a sub-threshold LNA is improved by

employing noise cancellation. Overall, [62–65] used partial noise cancellation and other low-power techniques

to achieve an optimized noise performance at low power levels. Using noise cancellation, the achieved NF of

an LNA can be further reduced [16, 66, 67]; however, at the expense of increased power consumption. [16]

proposed a gain-enhanced NC technique to increase the gain at the NC condition while the input matching is

maintained. [66] employs a noise-canceling balun LNA, where the inherent gain of the CS stage is reused to

boost the transconductance of the CG stage.

Tab. 1.2 shows a performance summary of low-power NC wideband LNAs in the literature. From

Tab. 1.2, [62, 63, 65] achieved optimized noise performance at low power levels. The works presented
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1.3 Low power LNAs with low NF or high linearity

Table 1.2: Performance summary of low-power noise-canceling LNAs in the literature

Inductor
present?

Operating Freq.
(GHz)

Gain
(dB)

3-dB BW
(GHz)

NF
(dB)

IIP3
(dBm)

Power
(mW)

TCAS-II 2021 [71] No 0.13− 93 16.6− 19.6 0.8 3.6− 5 > −8.5 3

TCAS-I 2020 [72] No 0.05− 1.3 24− 27.5 1.25 2.3− 3 −2.2 5.7

TCAS-I 2018 [62]
No 0.2− 2.7 21.2 2.5 3− 3.5 −2 0.96
No 0.1− 4.3 21.2 4.2 2.8− 4 −7.7 2

E. Lett. 2014 [63] No 0.35− 0.95 14 0.6 3.7− 4.6 – 0.4

TMTT 2012 [66] No 0.1− 2 16.6 1.9 3.8 +0.5 3

TCAS-I 2012 [16] No 0.1− 5.3? 10.7∆ 5.2 2.9− 5.4 −6 7

TCAS-I 2010 [67]
No 0.2− 3.8 19 3.6 2.8− 3.4 −4.2 5.7
No 0.2− 3.8 14.8 3.6 3.5− 4.1 −3.8 3.2

JSSC 2021 [73] Yes 0.02− 4.5 15.2 4.48 2.09− 3.2 −4.62 to −3.53 4.5

TMTT 2021 [74] Yes 1− 11 17 10 3.5− 5.5 −2.8 9

TCAS-II 2019 [75] Yes 0.5− 7 16.8 6.5 2.87− 3.77 −4.5 11.3

TCAS-II 2018 [64] Yes 2− 5 13 3 6− 8 −9.5† 1.8

ISCAS 2013 [65] Yes 3.2− 10 15 6.8 4.5− 5.3 −2 to −7 0.41

? Estimated from figures, ∆ Power gain, † Simulated IIP3

in [16, 66, 67, 71–75] further improved the noise performance of an LNA at the expense of increased power

consumption. However, almost all the NC LNAs shown in Tab. 1.2 provide a sub-optimal linearity perfor-

mance. Only [66] achieved a moderately good IIP3, however at a slightly higher power level. From the current

discussion, NC technique has demonstrated great potential in improving the noise performance of low-power

wideband LNAs, however the linearity performance achieved in these circuits are not satisfactory in general. All

this makes noise cancellation a potential technique that deserves further investigation.

In general, noise-canceling technique has shown potential to achieve extremely low NF in wideband

LNAs [13–15, 17–20, 26, 67, 76]. In all these circuits, the noise of the matching amplifier is completely canceled

using an auxiliary amplifier. The auxiliary amplifier needs to be biased at significantly higher power than the main

amplifier to make its noise contribution negligible [13–15, 17–20, 26, 67, 76]. However, low-power applications

cannot afford such high power budget, and employs a partial noise cancellation scheme instead [62–65].

1.3.2 Low power LNAs with high linearity

The same technique that cancels noise [13,14] in a wideband LNA can also cancel the third-order nonlinearity

to achieve high-linearity performance. [15, 77] effectively used the noise-and-distortion canceling technique

to achieve high linearity performance in an LNA. Apart from noise-and-distortion cancellation, many other

linearization techniques have been proposed [15, 78–87]. Source-degeneration is one such technique, which

improves the linearity of an amplifier because of feedback. However, source degeneration using an inductor

also gives rise to second-order interaction [78], which eventually restricts the amount of linearity improvement.
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Harmonic termination [79–81] can alleviate the second-order interaction problem to some extent. [82, 83]

showed the importance of applying an optimum bias voltage to a MOS transistor for achieving improved linearity

performance. In the derivative superposition (DS) method proposed in [85], the third derivatives of drain current

from the main and auxiliary transistors are added to cancel distortion. Since the DS method employs multiple

transistors in parallel with their gates connected, it is also known as the multiple gated transistor (MGTR)

technique [85]. DS method using dual nMOS transistors may degrade the second-order nonlinearity, while the

third-order nonlinearity is improved. To avoid the degradation of second-order nonlinearity, a complementary

DS method is proposed [15, 86]. In a complementary DS method, complementary MOS transistors (one

pMOS and one nMOS transistor) are effectively used to minimize both second-and-third order nonlinearity

coefficients [15, 86]. A complementary multi-gated transistor (MGTR) technique is employed in [87] to achieve

a high linearity performance. However, a majority of these linearization techniques [15,77,81,84,86,87] require

sufficiently high power levels (> 10 mW) making them less suitable for low-power applications.

In recent times, [41,68] utilized complementary derivative superposition and active shunt feedback to achieve

high linearity performance while low power is ensured by a complementary current-reuse CS amplifier, combined

with a low-current active feedback. [69] improved the linearity performance of a sub-threshold LNA without

additional power consumption by using passive components. Tab. 1.3 showcases the achieved performance of

these low-power high-linearity LNAs in the literature. From Tab. 1.3, [41, 68, 88] have achieved high-linearity

performance, however a slightly higher power consumption is needed. Moreover, the design of [41, 68] requires

complex optimization technique to achieve the best performance. [69] improved the linearity performance at

extreme low-power levels; however, the design contains inductors and is narrow-band.

Table 1.3: Performance summary of low-power high-linearity LNAs in the literature

Inductor
present?

Operating Freq.
(GHz)

Gain
(dB)

3-dB BW
(GHz)

NF
(dB)

IIP3
(dBm)

Power
(mW)

MWCL 2021 [88] No 0.1− 1 14 0.9 4 +2 2.7

TCAS-I 2019 [68]
No 0.2− 3.9 15.7 3.7 3.1 +8.7 3.3
No 0.2− 2.7 14.5 2.5 4.6 −1 1.2

TCAS-I 2017 [41]
No 0.1− 2.1 19.2 2 2.4 +8.6 3.11
No 0.1− 1.2 21.2 1.1 2.6 +6 1.52

TCAS-I 2018 [69] Yes 1.8† 14.8 − 3.7 −3.7 0.336

† Center frequency
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1.4 Problem formulation

1.4 Problem formulation

Noise cancellation [11–20, 26, 31, 67, 76, 77, 86, 89–97] is a frequently-used technique to overcome the

fundamental trade-off between input impedance match and NF in wideband LNAs and receivers. A variety of

noise-canceling LNAs and receivers have been proposed in the literature. We identified that having a single

generic model that can explain the operation of all these NC LNAs and receivers would be useful. So, the

first objective of this thesis is to investigate the possibility of a unified theory that can simplify the analysis of

different NC circuits using a single generic model.

Developing new noise-canceling circuits requires a different approach compared to other circuit development.

Hence, we define the second objective of this thesis as to develop a systematic methodology for generating new

flicker and thermal noise-canceling circuits.

The LNAs presented in [38–40, 42, 43, 51, 52] operate at sub-mW power levels, but sacrifice on the noise

and linearity performance. [16, 62, 64, 67] employed noise-canceling technique to lower the NF, but requires

increased power levels. The LNAs presented in [16, 62, 64, 67] also have a poor IIP3. The LNAs presented

in [20, 41, 51, 68, 69] either consume > 1 mW DC power or have an IIP3 < 0 dBm. All this leads to the third

objective of this thesis which is to investigate and design an inductorless wideband LNA that consumes < 1 mW

DC power and can achieve > 0 dBm IIP3 without deteriorating the noise figure.

In recent years, mixer-first [29–31, 95, 98–120] receivers have gained popularity because of their frequency

translational nature and high linearity. The works presented in [29–31, 95, 106, 111] improve the performance

metrics of a mixer-first receiver, but at the expense of an increased power budget. A few works [102,114–117,121]

have proposed techniques to reduce the power consumption of a mixer-first receiver. However, the works

presented in [102,114–117,121] either have degraded in-band linearity or a high noise figure (NF). The receivers

presented in [122–124] achieves ultra-low-power operation but requires additional circuitry before the mixer

stage. So, to reduce the power consumption of a mixer-first receiver without degrading its performance metrics

is a problem worth addressing.

Out of the two types of power consumption associated with a mixer-first receiver, dynamic power consump-

tion is technology dependent. In an advanced CMOS process, dynamic power consumption can be significantly

reduced because of reduced parasitics. The dynamic power can be reduced to some extent by using higher

on resistance for the mixer switches but at the expense of degraded noise figure. Other than that, a designer

has minimal control over the dynamic power levels once the technology node is fixed. On the other hand, the

static power constitutes a significant percentage of the total power consumed in a high-linearity mixer-first re-
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ceiver [29–31]. Hence, reducing the baseband power consumption of a mixer-first receiver while simultaneously

achieving a good noise and linearity performance is the fourth problem that we address in this thesis.

1.5 Organization of the thesis

The thesis has been organized into six chapters. Among them, this chapter (chapter 1) introduces the thesis

and provides a brief literature survey. The motivation behind the current work is also outlined in this chapter.

The rest of this thesis is organized as follows.

We have studied the noise-canceling technique in detail and developed a generic theory of noise-canceling

circuits. This study and the observations are described in chapter 2.

The development of a systematic methodology for generating new flicker and thermal noise-canceling

circuits is presented in chapter 3. By using the developed method, three new NC circuits are derived, designed,

and simulated.

Chapter 4 presents a low-power partial noise-canceling complementary common-gate (CCG) LNA developed

using the systematic method discussed in chapter 3. The LNA can also achieve high linearity by employing

optimum biasing for the complementary transistors. A prototype of the proposed circuit is implemented in a

standard 180 nm CMOS technology. This chapter presents the performance characterization of the proposed

circuit that includes a comparison with other relevant works.

The analysis, design, and implementation of a mixer-first receiver is presented in chapter 5. In the im-

plemented mixer-first receiver, the LNA presented in chapter 4 is employed as the baseband trans-impedance

amplifier (TIA). The proposed amplifier helps to reduce the baseband power consumption significantly without

degrading the receiver’s overall performance. A prototype of the proposed receiver is implemented in a standard

180 nm CMOS technology, and the measured performance parameters are compared with other mixer-first

receivers in the literature.

Chapter 6 summarizes the works presented in this thesis and provides conclusive remarks. It also presents a

discussion on the future research directions evolving from this thesis.
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2. Generalized Theory of Noise-Canceling Circuits

2.1 Introduction

Noise cancellation (NC) breaks the trade-off between input impedance and noise figure in wideband

LNAs [11–16, 77, 86, 89–92], making it possible to tune them independently. Traditionally, the noise-canceling

technique is explained with the help of a block diagram shown in Fig. 2.1 [13]. In Fig. 2.1, the input signal

from a source with an internal resistance Rs is simultaneously fed to a matching amplifier and a voltage-

sensing amplifier. The matching amplifier stage provides the source impedance match at the input of the

LNA (Zinm = Rs), and the voltage-sensing amplifier provides a voltage gain without loading the source (i.e.,

high Zinv). The input-referred noise voltage of the matching amplifier (v2
inm) is sensed and processed by the

voltage-sensing amplifier. Finally, the outputs of the two stages are combined in such a way that the noise

contribution of the matching device is nullified while constructively adding the signals from both paths.

Source (Rs)

Matching

Voltage-sensing

Amplifier Stage

Amplifier Stage

Combiner

Zinm

v2
inm

Zinv

Figure 2.1: Block diagram representation of the noise cancellation technique in LNAs [13].

2.1.1 Necessary conditions for noise cancellation

The key to the noise-canceling principle is the identification of two nodes in a circuit (matching amplifier)

that satisfy one of the following two conditions.

• At the two nodes, the signal appears with the same polarity, but the instantaneous noise appears with opposite

polarity.

• The signal appears with opposite polarity, but the instantaneous noise appears with the same polarity at the

two nodes.

Once such nodes (which are suitable for NC) are identified, extra circuitry can be added to scale the (sig-

nal+noise) voltage at these nodes appropriately and combine them so that the noise is canceled at the output.
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2.1.2 Motivation of this work

Many noise-canceling LNAs [11–16, 77, 86, 89–92] have been proposed in the literature. However, a single

systematic method to analyze these different noise-canceling circuits is not reported. Having a generic theory

could unify the analysis of various NC circuits. Such a theory is also advantageous in developing new NC

circuits for future requirements. In this work, we first review existing NC circuits in the literature, followed by

the development of a unified feedback-feedforward NC model.

2.1.3 Understanding existing noise-canceling circuits

In literature, the noise-canceling technique was first introduced in a resistive shunt-feedback (RSF) LNA [13]. [14]

proposed a noise-canceling common-gate common-source (CG-CS) LNA. Fig. 2.2(a) and 2.2(b) show the circuit

diagrams of a resistive shunt-feedback (RSF) LNA and a common-gate (CG) LNA. In Fig. 2.2(a), in1 represents

the instantaneous noise current of the MOS transistor M1. The instantaneous noise current flows through Rf

and Rs and causes two instantaneous noise voltages at the gate and drain nodes of M1. The instantaneous noise

voltage at gate and drain nodes of M1 due to the instantaneous noise current in1 have the same polarity. However,

the signal voltage appears with opposite polarity at the gate and drain nodes of M1. In the CG LNA shown in

Fig. 2.2(b), the instantaneous noise voltage due to the noise current in1 appears with opposite polarity at the

drain and source nodes of the CG transistor, but the signal voltage appears with the same polarity.

Vdd

vout

Vb

Rf

(a) (b)

Rs

Rs

M1
ve M1

ve

in1
in1

vout

Figure 2.2: (a) A resistive shunt feedback LNA, and (b) a common-gate LNA.

In the RSF LNA shown in Fig. 2.2(a), an auxiliary path can be added from the ve node to the output to cancel

the noise of M1. The resulting RSF NC LNA is shown in Fig. 2.3(a) [13], where the gate and drain voltages

of M1 are scaled by −Aaux and +1, respectively, before combining them. Aaux is properly set to cancel the
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noise of M1, while signals from the two paths are added at the final output v′out. In the CG LNA shown in

Fig. 2.2(b), an auxiliary path is added to cancel the matching transistor’s noise. The resulting CG NC LNA is

shown in Fig. 2.3(b) [14], where the source voltage of the CG transistor is first scaled by a factor of −Acs, using

a common-source (CS) amplifier. Output is taken differentially between the drains of CG and CS transistors.

By choosing an appropriate gain Acs for the CS amplifier, the noise of the CG transistor can be canceled at the

output.

Vdd Vdd

−Aaux

v
′

out

Vb

v′outRf

(a) (b)

Rs

Rs

M1
ve

M1

ve

Figure 2.3: (a) A resistive shunt feedback noise-canceling LNA [13,16,89], and (b) a CG noise-canceling LNA [11,14,15].

The techniques proposed in [15, 17–20, 26, 67, 76] further improve the performance of noise-canceling

circuits. [15] presented an inductorless broadband LNA with simultaneous noise and distortion cancellation. An

NC differential LNA with a composite nMOS/pMOS cross-coupled transistor pair is presented in [17]. In [26],

an RSF noise-canceling LNA with a feedforward path from the input to the cascode device is presented. A CG

noise-canceling LNA with local feedback from the auxiliary path to the main path is presented in [67]. [18]

proposed a complementary noise-canceling CMOS LNA with enhanced linearity. A noise-canceling balun LNA

with a modified current-bleeding technique is proposed in [19]. [20] proposed a triple-path noise-canceling

CG-CS LNA with a dual complementary pMOS-nMOS configuration. [76] presents an NC receiver with mutual

noise cancellation between the main path and the auxiliary path using a transformer.

The NC principle is also used in the design of wideband frequency-tunable receivers presented in [31,94–97].

In these receivers [31, 94–97], the matching device can be modeled as a floating resistor. Fig. 2.4(a) shows the

block diagram representation of a NC-receiver [31]. In Fig. 2.4(a), the resistor Rin represents the matching

device. The output is taken differentially between the voltage measurement path (αVRin) and the current

measurement path (−rmIRin). The noise of Rin can be nulled at the output by setting rm = αRs. Fig. 2.4(b)

shows an implementation of the NC-receiver. The mixer in Fig. 2.4(b) is a current-driven passive mixer, and the
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vin
RinRs

v2Rin

IRin

VRin

rmIRin

αVRin

vin
RinRs

−gm

v′out

v′out

Voltage Measurement

Path (α = −gmRaux) Current Measurement

Path (rm = Rm)

Noise canceling Condition is
rm = αRs

(a)

(b)

Raux

Rm

ve

outp

outn

ve

outp

outn

Figure 2.4: (a) Block diagram representation of the noise cancellation technique in receivers [31, 95, 97]. (b) A frequency
translated noise-canceling receiver [31, 95, 97].

trans-impedance amplifier (TIA) acts as a current-to-voltage converter.

2.2 Broad classification of noise reduction techniques

Feedforward and feedback are the two well-known techniques used to reduce amplifier noise [125]. The

models of these two techniques are briefly reviewed in this section.

2.2.1 Feedforward noise cancellation

Feedforward noise cancellation can be explained with the help of a block diagram, shown in Fig. 2.5 [125].

In Fig. 2.5, Am is the main amplifier whose noise needs to be canceled at the final output. Nm is the output noise

of Am. The output of the main amplifier is first scaled down by a factor γ1 and combined with a delayed version
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of the input signal. If γ1 = 1/Am, the signal is canceled, leaving only the noise at the output of the combiner.

Hence, X1 is a scaled version of the noise Nm. X1 is further amplified by an auxiliary amplifier (Aaux) and

subtracted from the main amplifier’s output to cancel Nm. The amplitude of Aaux is set such that the main

amplifier noise is completely canceled at the final output Z. In Fig. 2.5, τ1 and τ2 represent the delay blocks in

the auxiliary path and the main path, respectively. The delay blocks ensure phase matching of the signals for

combining.

Am Σ

Nm

Delay

(τ1)
Σ

Attenuator

(γ1)
Σ

(τ2)
Delay

Aaux

X Z

YA

Y

X1

Figure 2.5: Block diagram of a feedforward noise-canceling amplifier [125].

The following equations are valid for the feedforward noise-canceling amplifier shown in Fig. 2.5.

Y = AmX +Nm (2.1a)

YA = AauxX1 = Aaux(γ1Nm) (2.1b)

Z = Y − YA

= AmX +Nm(1−Aauxγ1) (2.1c)

For canceling main amplifier noise at the output Z, one needs to set Aaux = 1/γ1 = Am.

2.2.2 Feedback noise reduction

The usage of negative feedback can reduce amplifier noise. Fig. 2.6 shows the block diagram of a negative

feedback amplifier. In Fig. 2.6, X represents the input signal, Y represents the output signal, Am is the gain

of the main amplifier, e represents the error signal, Nm is the noise added by the main amplifier, and β is the

feedback factor.

Assuming the main amplifier is noiseless, the block diagram of the negative feedback amplifier (shown in

Fig. 2.6) can be simplified to the one in Fig. 2.7(a). Similarly, Fig. 2.7(b) represents the block diagram of the
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AmX YΣ Σ

Nm

β

e

Figure 2.6: Block diagram of a negative feedback amplifier.

negative feedback amplifier when input is grounded, and only the noise is present. Fig. 2.7(a) and Fig. 2.7(b) are

used for computation of transfer function with respect to input signal and noise, respectively. The following

expressions for the error (e) and the output (Y ) signals can be derived from Fig. 2.6 and Fig. 2.7.

e =
1

1 +Amβ
X − β

1 +Amβ
Nm (2.2a)

Y =
Am

1 +Amβ
X +

1

1 +Amβ
Nm (2.2b)

From (2.2b), it can be seen that both the signal and noise of the main amplifier are reduced by a factor

(1 +Amβ) at the output. Though feedback can reduce the output noise of the amplifier, it will not improve the

signal to noise ratio [126].

e = X
1+Amβ

(a) (b)

e = −β

1+Amβ
Nm

AmX YΣ Σ

β

Am YΣ Σ

Nm

β

Y =
Nm

1+Amβ

Y =
Am

1+Amβ
X

Figure 2.7: (a) Computation of the transfer function with respect to the input signal, and (b) computation of the transfer
function with respect to the noise signal.
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2.3 Proposed feedback-feedforward noise-canceling model

The previous section presented the models of feedforward noise cancellation and feedback noise reduction

techniques. In this section, the understanding acquired from these two techniques are used to develop the

proposed feedback-feedforward noise-canceling model.

Even though feedback can not cancel noise by itself, the use of feedback gives an opportunity to cancel

amplifier noise with the help of an auxiliary path. In the expressions of e and Y (given by (2.2a) and (2.2b)

respectively), the noise Nm has an opposite polarity, whereas the input signal X has the same polarity. This

difference in polarity of the noise, at nodes e and Y , provides an opportunity to cancel the noise Nm at the

output. This kind of relation between signal and noise at two nodes in a circuit occurs because of the presence of

negative feedback within the matching amplifier. By adding a feedback amplifier, having a gain of Aaux from

the error node to the output, the noise Nm can be canceled, as shown in Fig. 2.8.

e = X
1+Amβ

−

βNm

1+Amβ

X AmΣ Σ

Nm

β

Aaux

Σ Z

YA =
AauxX
1+Amβ

−

AauxβNm

1+Amβ

Aaux =
1

β

Nm canceled iff

Y =
AmX

1+Amβ
+

Nm

1+Amβ
Matching Amplifier

Figure 2.8: Adding a feedforward amplifier Aaux to cancel the noise of Am at the output Z.

The following expression can be derived from the block diagram in Fig. 2.8.

YA =
Aaux

1 +Amβ
X − Aauxβ

1 +Amβ
Nm (2.3)

In the block diagram, as shown in Fig. 2.8, the output is taken from Z instead of Y . From Fig. 2.8, noise Nm

can be canceled at the final output if Aaux = 1/β. Let us define Aaux = 1/β as the condition for NC. Under the

22

TH-2653_146102003



2.4 Validating proposed theoretical claims on existing NC circuits

NC condition, the overall gain of the system can be computed as follows.

Z

X
=
Y

X
+
YA
X

(2.4a)

=
Am

1 +Amβ
+

1/β

1 +Amβ
(2.4b)

=
1

β
or Aaux (2.4c)

So, the condition for noise cancellation is Aaux = 1/β; and under the NC condition, the overall gain of the

system is Z/X = 1/β. The gain from the error node e to the output node Z can be computed as follows.

Z

e
=

Z

X
.
X

e
=

1

β
.(Amβ + 1) (2.5a)

= Am +
1

β
or Am +Aaux (2.5b)

The summary of the current discussion is as follows. The possibility of noise cancellation arises due to the

negative feedback in the matching amplifier. If the matching amplifier’s feedback factor is β, then an auxiliary

amplifier having a gain Aaux = 1/β can be added from the error node to the output node for canceling the

matching amplifier noise. Under the NC condition, the overall gain of the amplifier is equal to 1/β [127].

2.4 Validating proposed theoretical claims on existing NC circuits

In this section, the theoretical claims proposed in the previous section are validated using known NC circuits.

For this purpose, macro-models of various circuit components like a resistor and a MOSFET are developed

first. These macro-models are then used to generate system-level models of the following three NC circuits: a

common-gate NC LNA, a resistive shunt feedback NC LNA, and a wideband NC receiver. Finally, the developed

system-level models are compared with the proposed feedback-feedforward NC model, shown in Fig. 2.12.

2.4.1 Macro-models of different circuit components

In this section, macro-models of various circuit components are developed.

2.4.1.1 Macro-model of a floating resistor

Fig. 2.9(a) shows a floating resistor Rf and its instantaneous thermal noise current in between the nodes X

and Y. In Fig. 2.9(a), vx is the voltage at X, vy is the voltage at Y, ix is the current flowing out of X, and iy is the

current flowing into Y.
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(
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−
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)
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Figure 2.9: (a) A floating resistor Rf and its instantaneous thermal noise current in. (b) A three component model of the
current ix. (c) A complete model of the floating resistor in (a) [111]. (d) Another model of the floating resistor using a
current controlled current source.

Using nodal analysis in Fig. 2.9(a) gives the following equations.

ix =
(vx − vy

Rf

)
+ in

=
( vx
Rf

)
−
( vy
Rf

)
+ in (2.6a)

and, ix = iy (2.6b)

The three terms in the expression of ix in (2.6a) are modeled using the following three components in Fig. 2.9(b):

a grounded resistor (vx/Rf ), a transconductor (vy/Rf ), and a current source (in). In Fig. 2.9(c), a similar

three-component model of iy is added to complete the floating resistor’s equivalent model. An equivalent model

similar to Fig. 2.9(c) is also used in one recent work [111]. An alternate way of modeling a floating resistor is as

shown in Fig. 2.9(d), where a current-controlled current source is used to model ix (= iy). Any one of these two

models (Fig. 2.9(c) and Fig. 2.9(d)) can be used to represent a floating resistor.

2.4.1.2 Macro-model of a single MOSFET

For small signals, a MOSFET in saturation (as shown in Fig. 2.10(a)) can be modeled as a transconductance

stage with a voltage summer at the input and a current summer at the output as shown in Fig. 2.10(b). The voltage
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(d)(c)
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Figure 2.10: (a) MOSFET voltage and current convention. (b) A generic model of a MOSFET including the output noise
current and the current sensing feedback. (c) Simplified model of a CG configuration. (d) Simplified model of a CS
configuration.

summer at the input operates on the gate and source voltages of the MOSFET. In Fig. 2.10(b), the instantaneous

thermal noise current (in) of the MOSFET is added to the output current with the help of a current summer at

the output. In the macro model shown in Fig. 2.10(b), a current-controlled current source (CCCS) is included

at the source terminal to account for the inherent current sensing feedback that exists in a MOSFET. Output

resistance and all capacitances of the MOSFET are ignored in this model. For a CG configuration, the model in

Fig. 2.10(b) can be simplified to the one shown in Fig. 2.10(c). The model a CS configuration is developed in a

similar manner and is shown in Fig. 2.10(d).

2.4.2 Developing system-level models of existing NC circuits

System-level models are generated using the macro-models developed in the previous subsection.
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Figure 2.11: (a) A CG amplifier, and (b) a feedback model of it.

2.4.2.1 System-level model of a common-gate NC LNA

A common-gate amplifier with an input voltage source vin and a source resistanceRs is shown in Fig. 2.11(a).

The circuit in Fig. 2.11(a) can be redrawn, as shown in Fig. 2.11(b), using the CG model shown in Fig. 2.10(c).

In Fig. 2.11(b), the input voltage source is converted to its equivalent current source. From Fig. 2.11(b), the error

and output voltages can be derived as follows.

ve =
1

1 + gmRs
vin −

Rs/RL
1 + gmRs

vn (2.7a)

vout =
gmRL

1 + gmRs
vin +

1

1 + gmRs
vn (2.7b)

where vn = inRL.

In the expressions of ve and vout (from (2.7a) and (2.7b)), the noise has opposite polarities, whereas the

input signal has the same polarity. The CG amplifier block diagram (as shown in Fig. 2.11(b)) can be compared

with the block diagram of a negative feedback amplifier, as shown in Fig. 2.6. By comparing (2.7a) and (2.7b)

with equations (2.2a) and (2.2b), the following expressions for Am and β can be obtained.

Am = gmRL (2.8a)

β =
Rs
RL

(2.8b)

Similar to Fig. 2.8, a feedforward amplifier of gain |1/β| needs be added to Fig. 2.11(b) to cancel the noise
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gm
ve

iout
iout
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Σ

in v′
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Aaux = −

RL

Rs

ie

Σ

vout

Figure 2.12: Adding a feedforward amplifier of gain Aaux = −RL/Rs to cancel the noise of the input transistor in a CG
amplifier.

voltage vn at the output. The complete model of the CG noise-canceling LNA is shown in Fig. 2.12. Under this

noise-canceling condition, the overall gain of the system (v′out/vin) is equal to (RL/Rs), i.e. |1/β|.

2.4.2.2 System-level model of a resistive shunt feedback NC LNA

(a) (b)

vg

Rf

−gm Σ

in

vout

Σ

Rf

Rs

Rs

ie

ve

vin
Rs

vout

iout
iout

vin
Am ≈ −gmRf

β ≈
Rs

Rf

1

Rf

Figure 2.13: (a) A resistive shunt feedback amplifier, and (b) its approximate feedback model.

Resistive shunt feedback LNA is another circuit where noise cancellation is employed. Fig. 2.13(a) shows
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the schematic of a resistive shunt feedback LNA. For a high loop gain value, the shunt feedback LNA (shown in

Fig. 2.13(a)) can be redrawn, as shown in Fig. 2.13(b) using the proposed CS model (as shown in Fig. 2.10(d)).

In Fig. 2.13(b), only half of the proposed resistor model is used to represent the feedback resistor Rf . This is

done to represent the unidirectional flow of signal through Rf . The remaining half of the resistor model will be

added later for completeness of the analysis.

From Fig. 2.13(b), the error voltage ve and the output voltage vout can be expressed as

ve =
1

1 + gmRs
vin +

Rs/Rf
1 + gmRs

vn (2.9a)

vout =
−gmRf

1 + gmRs
vin +

1

1 + gmRs
vn (2.9b)

where vn = inRf .

From (2.9a) and (2.9b), the noise voltage (vn) has the same polarity in the expressions of ve and vout,

whereas the input signal (vin) has opposite polarity in these expressions. Equations (2.9a) and (2.9b) can be

compared with (2.2a) and (2.2b), respectively, to obtain the following expressions for Am and β (voltage transfer

functions in a trans-impedance amplifier are being analyzed).

Am = −gmRf (2.10a)

β = −Rs
Rf

(2.10b)

To cancel the noise voltage vn at the output, a feedforward amplifier of gain Rf/Rs can be added from ve to

vout in Fig. 2.13(b). The resulting NC shunt feedback LNA is shown in Fig. 2.14. Under the NC condition, the

overall gain (v′out/vin) of the circuit in Fig. 2.14 is equal to (Rf/Rs), i.e., |1/β|.

The circuit in Fig. 2.13(a) has an extra feedforward path due to the bi-directional nature of the resistor Rf

which was not included in Fig. 2.13(b). Fig. 2.15 includes the complete model of the resistor Rf . From Fig. 2.15,

ve and vout expressions can be derived as

ve =
1

1 + gmRs
vin +

Rs/Rf
1 + gmRs

vn (2.11a)

vout =
1− gmRf
1 + gmRs

vin +
1 +Rs/Rf
1 + gmRs

vn (2.11b)

where vn = inRf .

From (2.11a) and (2.11b), to cancel the noise voltage vn at the output, ve needs to be scaled by a factor

of −(1 + Rf/Rs) and combined with vout to obtain the noiseless output v′out. The complete model of a

NC resistive shunt feedback LNA is shown in Fig. 2.15. The modified NC condition from Fig. 2.15 is
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Rs
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iout
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−

Rf

Rs

Σ
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Figure 2.14: Canceling the noise of the input transistor in a shunt feedback amplifier using a feedforward amplifier of gain
−Rf

Rs
.

Aaux = −(1 +Rf/Rs) = −(1 + |1/β|). Under the modified NC condition, the overall gain of the system is

equal to (Rf/Rs), i.e., |1/β|.

2.4.2.3 System-level model of a wideband NC receiver

The main path of the wideband noise-canceling receiver, shown in Fig. 2.4(b), is redrawn in Fig. 2.16(a). The

floating resistor Rin in Fig. 2.16(a) is replaced with its model in Fig. 2.16(b). In Fig. 2.16(b), a current-controlled

voltage source, similar to the one in Fig. 2.4(a), is used to model the combination of the current driven mixer and

the trans-impedance amplifier (TIA).

From Fig. 2.16(b), the error voltage ve and the output voltage outn can be expressed as

ve =
1

1 + Rs
Rin

vin −
−Rs/rm
1 + Rs

Rin

vn (2.12a)

outn =
−rm/Rin
1 + Rs

Rin

vin +
1

1 + Rs
Rin

vn (2.12b)

where vn = −inrm.

From (2.12a) and (2.12b), the noise voltage has the same polarity in the expressions of ve and outn,

whereas the input signal has opposite polarity in these expressions. (2.12a) and (2.12b) can be compared with
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Figure 2.15: The complete model of the RSF noise-canceling LNA shown in Fig. 2.1(b).
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Figure 2.16: (a) Main path of the noise-canceling receiver from Fig. 2.4(b), and (b) its feedback model.

(2.2a) and (2.2b), respectively, to obtain the following expressions for Am and β.

Am =
−rm
Rin

=
−Rm
πRin

(2.13a)

β =
−Rs
rm

=
−πRs
Rm

(2.13b)
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2.5 Simulation verification

For canceling the noise voltage vn at the output, a feedforward path can be added from ve to the output as

shown in Fig. 2.4(b). To nullify the noise of the main path, the gain of the auxiliary path should be equal to

Rm/(πRs) (=|1/β|). The resulting NC receiver is the same as the one in Fig. 2.4(b). Under the NC condition,

the overall gain (v′out/vin) of the NC receiver is equal to Rm/(πRs), i.e., |1/β|.

2.5 Simulation verification

In this section, the three circuits presented in section 2.4 are simulated to verify the proposed theoretical

claims. In the implementation, ideal components (such as VCVS, VCCS, and ideal switch) are used for all the

elements, except for the matching device. For simulations, only the matching device’s noise is considered since

all other elements are ideal. All simulations presented in this section are performed using a standard 180 nm

CMOS technology.

2.5.1 A common-gate NC LNA

Vdd = 1.8 V

ve

vin

outp outn

−Aaux

50 Ω

350 Ω

80 µm

0.18 µm

v′out

2.5mA

β =
Rs

RL

=
1

7

VCVS

Figure 2.17: Simulated CG noise-canceling LNA.

A CG noise-canceling LNA, as shown in Fig. 2.17, is designed. A load resistance (RL) of 350 Ω and a source

resistance (Rs) of 50 Ω are used in the current implementation. From equation (2.8b), β = Rs/RL = 1/7. The

input transistor is biased to achieve a transconductance of 20mf (= 1/Rs) to ensure input impedance matching.

An auxiliary amplifier Aaux (implemented using a VCVS) is added to the circuit, as shown in Fig. 2.17, to cancel

the input transistor’s noise.
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Figure 2.18: (a) Variation of output noise voltage of the CG noise-canceling LNA shown in Fig. 2.17 with auxiliary
amplifier gain, (b) differential gain of the LNA at the noise-canceling condition and (c) output noise voltage of the LNA
with respect to frequency at the NC condition.
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2.5 Simulation verification

Noise analysis is performed on the circuit shown in Fig. 2.17 by sweeping the gain of the auxiliary amplifier

Aaux. Differential output (v′out) noise voltage from this analysis is plotted for multiple fixed frequencies and

is shown in Fig. 2.18(a). From this figure, it can be observed that the output noise voltage is a minimum for

Aaux = |1/β| = 7, which is the noise-canceling condition. Fig. 2.18(b) shows the gain of the implemented CG

NC LNA under this condition of noise cancellation. From Fig. 2.18(b), the CG NC LNA has a mid-band gain

of 7 (= |1/β|) under the noise-canceling condition. Both these results verify the proposed theoretical claims

for CG NC LNA. Fig. 2.18(c) shows the differential output noise voltage of the CG NC LNA with varying

frequency for an auxiliary path gain (Aaux) of 7. The impedance between vin and ve node is Rs + 1/(sCDC),

where CDC is the DC blocking capacitor. While computing the noise-canceling condition, the frequency-varying

components were neglected for the purpose of simplification. However, at very low frequencies, the effective

noise-canceling condition gets modified from the computed value because of the impedance of the DC blocking

capacitor. For this reason, output noise voltage increases at very low frequency. On the higher frequency side,

the impact of the parasitic capacitances (Cgs and Cgd) starts to show up, leading to a slight increase in the output

noise voltage.

2.5.2 A resistive shunt feedback NC LNA

Vdd = 1.8 V

50 Ω 250 Ω

vin

−Aaux

Σ

v′out

vout

70 µm

0.18 µm

160 µm
0.18 µm

β =
Rs

Rf
=

1

5

ve

1.38 mA

VCVS

Figure 2.19: Simulated RSF noise-canceling LNA.

An RSF noise-canceling LNA, as shown in Fig. 2.19, is designed for simulation. A feedback resistance

(Rf ) of 250 Ω and a source resistance (Rs) of 50 Ω are used in the current implementation. From (2.10b),
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Figure 2.20: (a) Variation of output noise voltage of the RSF noise-canceling LNA with auxiliary amplifier gain, (b) gain
of the LNA at the noise-canceling condition and (c) output noise voltage of the LNA with respect to frequency at the NC
condition.
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2.5 Simulation verification

|β| = Rs/Rf = 1/5. An inverter is used as a transconductor and is biased such that the input impedance is

equal to the source impedance. An auxiliary amplifier Aaux is added to the circuit to cancel the noise of the

transconductor, as shown in Fig. 2.19.

Noise analysis is performed on the circuit shown in Fig. 2.19 by sweeping the gain of the auxiliary amplifier

Aaux at multiple fixed frequencies. The resulting output noise voltage from this analysis is shown in Fig. 2.20(a).

From this figure, the output noise is a minimum when Aaux = 1 + |1/β| = 6. Fig. 2.20(b) shows the gain of the

amplifier under this noise-canceling condition (i.e., Aaux = 1 + |1/β| = 6). From Fig. 2.20(b), the mid-band

gain of the implemented RSF noise-canceling LNA is equal to 5 (= |1/β|). Fig. 2.20(c) shows the differential

output noise voltage of the RSF NC LNA with varying frequency for an auxiliary path gain (Aaux) of 6. From

Fig. 2.20(c), output noise voltage rises for frequencies lower than 100 MHz due to the presence of the DC

blocking capacitor. The output noise voltage degrades slightly for high frequencies (towards 1 GHz) because of

the parasitic capacitances associated with a MOS transistor.

vin

50 Ω50 Ω

−gm

v′out

250 Ω

250 Ω

outn

outp

VCCS

VCVS

VCVS

gm = 20m℧

iaux

im

Figure 2.21: Simulated noise-canceling receiver.

2.5.3 A wideband frequency-translational NC receiver

A frequency translational noise-canceling (FTNC) receiver, as shown in Fig. 2.21, is designed using all ideal

elements except for the matching resistor. Rin of 50 Ω, Rm of 250 Ω, and Raux of 250 Ω are used in the FTNC

implementation. The down-conversion mixer is implemented using an ideal switch. A square wave of 1 GHz is

used as the local oscillator signal. The TIA is implemented with the help of a VCVS and a resistor connected

35

TH-2653_146102003



2. Generalized Theory of Noise-Canceling Circuits

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Relative Input Frequency (Hz)

v′out = (outp − outn) outp

1 10 100 1K 10K 100K 1M 10M 100M

V
o

lt
ag

e
G

ai
n | v

′

out

vin
| = | 1

β
| = | 5

π
| = 1.59

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
0

0.05

0.1

0.15

0.2

0.25

Auxiliary path gain (Aaux)

O
u

tp
u

t
n

o
is

e
v
o

lt
ag

e
in

n
V

/√
H
z

β = πRs

Rm
= π

5

Aaux = 1

β
= 5

π
≈ 1.59

PNOISE analysis

0.30

(a)

(b)

| outp
vin

| = | Am

1+Amβ
| = | 2.5

π
| = 0.79

Figure 2.22: (a) Variation of the output noise voltage of the NC-receiver with auxiliary path gain, and (b) the overall
voltage gain of the NC-receiver at the noise-canceling condition.

across it. The TIA is designed to have a bandwidth of 100 MHz.

Noise analysis is performed on the circuit shown in Fig. 2.21, by sweeping the gain of the transconduc-

tor in the auxiliary path. The resulting output noise voltage from this analysis is shown in Fig. 2.22(a).

From Fig. 2.22(a), the output noise is a minimum when Aaux = |1/β| = |Rm/(πRs)| ≈ 1.59 (when

gm = 20mf). One can observe that unlike Fig.2.18(a) and Fig. 2.20(a), Fig. 2.22(a) demonstrates abso-

lute zero output noise under the noise-canceling condition. The reason is that, in the NC receiver shown in

Fig. 2.21, the matching device is modeled as a single ideal resistor (of 50 Ω) as compared to MOS transistors

of 180 nm technology used in the simulated NC LNAs (shown in Fig. 2.17 and Fig. 2.19). Since the ideal

resistor does not have any parasitic capacitance associated with it, complete cancellation of the output noise

is observed at the NC condition (as shown in Fig. 2.22(a)). Fig. 2.22(b) shows the gain of the receiver under
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this noise-canceling condition (i.e., Aaux = |1/β| ≈ 1.59). From Fig. 2.22(b), the conversion gain of the noise

canceling receiver is equal to 1.59 (= |1/β|).

2.6 Summary

In this work, well-known noise-canceling LNAs and receivers have been studied to identify the similarities

in their working principle. It is shown that noise-canceling opportunity in all these circuits arises due to the

negative feedback in the main path. The expressions for noise-canceling conditions and the overall gains of

the NC-circuits are derived. The following claims have been made regarding the operation of noise-canceling

circuits.

• Although noise cancellation is often explained as a feedforward technique in literature, the noise-canceling

opportunity in existing NC-LNAs has arisen due to the presence of negative feedback in the main amplifier.

• If the feedback factor of the main amplifier is β, then the gain of the auxiliary amplifier (Aaux) needed to

cancel the noise of the main amplifier is equal to |1/β|.

• Under this noise-canceling condition (i.e., Aaux = |1/β|), the overall gain of the NC-wideband amplifier,

including the source resistance is equal to |1/β|.

• The above-stated claims are valid even in the case of wideband NC-receivers in which a floating resistor is

used for the impedance matching.

The proposed theoretical claims are verified by the design and simulation of three NC circuits (two NC-LNAs

and a wideband NC-receiver).

In an NC circuit, complete cancellation of the main path noise depends on the precise selection of the

auxiliary path gain. In case of a mismatch between desired gain and the actual gain of the auxiliary path, the

overall noise performance will degrade. The effect of noise cancellation can also reduce if there is a phase

mismatch between the main and the auxiliary paths. The NC LNA presented in [128] employed reconfigurable

phase-tuning lines shown in [129] in both the main and auxiliary paths to achieve optimized noise cancellation

over a large bandwidth. Once the main path noise is absolutely canceled, the overall output noise of an NC

LNA is just the auxiliary path noise. [73] employed techniques to reduce the noise contribution of the auxiliary

path of an NC LNA. Mutual noise cancellation between the main and the auxiliary paths of an LNA is explored

in [76]. However, achieving an absolute zero output noise voltage may not be feasible in a practical circuit with

all actual components.
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3. Systematic Generation of Flicker and Thermal Noise-Canceling Circuits

3.1 Proposed systematic methodology

In the previous chapter, we proposed a generic theory of noise-canceling circuits and developed a few key

observations about their operation. The proposed theoretical claims were validated using simulations on existing

noise-canceling circuits. It can be observed that, so far, the use of the NC technique has been limited within

RF LNAs [11–20, 26, 67, 76, 77, 86, 89–92] and receivers [31, 94–97] only. A major reason behind this low

penetration of the noise cancellation technique is the lack of a systematic method for generating NC circuits.

In this work, we present a systematic method for generating noise-canceling circuits. Previous works [130]

and [131] presented methods to systematically generate all possible two-transistor transconductors and LNAs,

respectively. [127] demonstrated a feedback based analysis of noise-canceling circuits. In the proposed method,

rather than starting with elementary circuits and searching for noise cancellation opportunities, we first develop

elementary noise-canceling circuit models. In the next step, we provide appropriate input excitations to achieve

signal summation at the output. Finally, suitable auxiliary paths are added to cancel the main path’s noise while

the signal is added at the output.

Vdd

Rs

Rl

vs

Rs Rl

Rs

Rf

X

Y

X

Y Rs

Rf

XY

XY

(c) (d)

(a) (b)

vs

ro1

ro1

in1

in1

M1

M1
gm1vY

−gm1vY

instantaneous noise voltage due to in1

Figure 3.1: (a) A shunt feedback amplifier and (b) its noise model. (c) A common-gate amplifier and (d) its noise model.
In (b) and (d), only noise due to MOSFET is considered.

Fig. 3.1(a) shows a shunt feedback amplifier, and Fig. 3.1(b) shows its noise equivalent model. Here only the
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Proposed systematic methodology

Develop all two-transistor

circuit models where

Identify suitable excitation

for each NC circuit to create

Add suitable auxiliary path

to cancel the noise from

the main path

signal summation

noise cancellation is possible

Figure 3.2: Proposed systematic methodology for generating noise-canceling circuits.

noise due to the MOS transistor is considered. From Fig. 3.1(b), noise due to in1 can be canceled at the final

output by taking a weighted difference of the two voltages vX and vY . To benefit from noise cancellation, one

needs to excite the shunt-feedback amplifier in a way to create out-of-phase signal voltages at the nodes X and Y.

The single-ended excitation, as shown in Fig. 3.1(a), satisfies this condition.

Fig. 3.1(c) and Fig. 3.1(d) show a CG amplifier and its equivalent noise model, respectively. Here also, only

the noise due to the MOS transistor is considered. From Fig. 3.1(d), noise due to in1 can be canceled if we take

a weighted sum of the voltages vX and vY . For noise cancellation to be effective, we need to excite the CG

amplifier to create the signal voltages with the same polarity at nodes X and Y. The single-ended excitation vs,

as shown in Fig. 3.1(c), satisfies this condition.

One can notice that the equivalent noise models in Fig. 3.1(b) and Fig. 3.1(d) actually corresponds to a

single loop with two resistors and a current source (leaving out the dependent current source for now). The only

difference between the models in Fig. 3.1(b) and Fig. 3.1(d) is the location of the noisy current source. As there

are only three branches (Y-gnd, Y-X, and X-gnd) in the model, we can only construct two different models, as

shown in Fig. 3.1(b) and Fig. 3.1(d). The third possibility in which the noisy current source will be from Y to

gnd is similar to the model in Fig. 3.1(b).

It is observed that only two noise-canceling models are possible when the circuit has a single noise source.

Both these noise models have been explored in the literature. In this work, we explore noise-canceling possibility

in circuits having two noise sources present within a single circuit loop. Overall, the key steps of the proposed
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systematic methodology can be summarized, as shown in Fig. 3.2. The first step of the systematic method is to

generate all two-transistor circuit models where noise cancellation is possible. Once the suitable two-transistor

models are chosen, appropriate signal excitation is applied to the circuits to ensure signal summation at the

output. Finally, suitable auxiliary paths are added to cancel noise from the main path.

3.1.1 Generating two-transistor noise models

In this section, we systematically generate all possible two-transistor noise models. If we insert one more

noisy current source into the three-node (X, Y, and gnd) model shown in Fig. 3.1, three different circuit models,

as shown in Fig. 3.3, can be generated.
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Circuit Models Equivalent Model for each Noise Source
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(c)

instantaneous noise voltage due to in1 instantaneous noise voltage due to in2

Figure 3.3: Three possible noise models of two transistor circuits.

If we replace the resistance Rs in Fig. 3.1(b) with a noisy current source, we get the circuit model shown

in Fig. 3.3(a). The noise voltages at X and Y have the same polarity. If we take a weighted difference of the

voltages vX and vY , we can cancel the noise. Interestingly, noise due to both in1 and in2 can be canceled but

may require different weights for perfect cancellation. For the noise-canceling technique to be effective, one

needs to excite this circuit to create out-of-phase signal voltages at X and Y.

If we replace the resistance Rs in Fig. 3.1(d) with a noisy current source, we get the circuit model shown in
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Fig. 3.3(b). Unlike the model in Fig. 3.3(a), the noise voltages at X and Y in this circuit have the same polarity

due to in1 but opposite polarity due to in2. Therefore in the circuits derived from this model, if we design the

circuit to cancel the noise due to in1, the effect of in2 will be enhanced at the output and vice versa.

The third possible circuit model is shown in Fig. 3.3(c). In this circuit, both the current sources are in series

and are in the X-Y branch. Even though this is not exactly a three-node model, it also provides an opportunity to

cancel the noise due to both the noisy current sources in1 and in2. As shown in Fig. 3.3(c), the noise voltages at

nodes X and Y due to in1 (and in2) have opposite polarities. If we take a weighted sum of the voltages vX and

vY , we can cancel the noise. Similar to the circuit model in Fig. 3.3(a), here also the noise due to both in1 and

in2 can be canceled but may require different weights for perfect cancellation. To be benefited from the noise

cancellation, one needs to excite this circuit to create in-phase signal voltages at nodes X and Y.

3.1.2 Construction of circuits from the derived models

Frequently-used noise-canceling circuits, such as NC LNAs [11,13,16] and receivers [31,94], have one thing

in common. These circuits have a low input impedance to satisfy the criterion of input impedance matching.

However, the noise-canceling possibility has not been explored in circuits having a high input impedance. In this

work, we systematically explore noise-canceling circuits belonging to either of the following two categories:

circuits having a high input impedance and circuits having a low input impedance.

Once the suitable models for noise cancellation are chosen, the noise current sources within these models

are first replaced with MOS transistors. Next, appropriate input excitation is given to the MOS transistors to

maintain desired signal operation. Finally, an auxiliary path is properly added to cancel the main path’s noise

while the signals from both paths get added at the final output. For generating noise-canceling circuits with

high input impedance, the input signals are applied to the gate terminals of the MOS transistors. Similarly, NC

circuits with low input impedance can be generated by applying inputs to the source terminals of the MOS

transistors (employing a shunt-feedback-based common-source structure is another possibility).

3.2 Generating NC circuits with high input impedance

In this section, our main focus is to generate noise-canceling circuits with high input impedance using the

two-transistor noise models derived in section 3.1.1. To construct circuits corresponding to the model shown in

Fig. 3.3(a), the noisy current sources in1 and in2 need to be replaced with MOS transistors. As we can use either

nMOS or pMOS transistors for in1 and in2, we get four possible two-transistor circuits as shown in Fig. 3.4.

From the discussion in section 3.1.1, one can recall that the noise voltages at X and Y in these circuits will have

43

TH-2653_146102003



3. Systematic Generation of Flicker and Thermal Noise-Canceling Circuits

the same polarity. For the noise-canceling technique to be effective, we need to excite these circuits to create

out-of-phase signal voltages at X and Y.

Vdd Vdd VddVdd

R
YX

ro2
in2in1

ro1

Noise Model

X

Y Y Y Y

(a) (b) (c) (d)

R R R R
X X X

M1

M2

M1

M2

M1

M2

M1

M2

Figure 3.4: Four possible noise-canceling circuits that are derived from the noise model shown in Fig. 3.3(a).

In Fig. 3.4(a), the top nMOS transistor is in common-drain (CD) configuration and the bottom nMOS

transistor is in common-source (CS) configuration. To create out-of-phase signal voltages at X and Y in

Fig. 3.4(a), one can apply the same input signal to the gates of both the nMOS transistors (gate bias voltages

may be different). The complete circuit with input and output signal polarities is shown in Fig. 3.5(a). One can

notice that this circuit can be seen as a balun amplifier with unequal amplitudes. Fig. 3.4(b) is a pMOS version

of the circuit topology shown in Fig. 3.4(a), and the complete circuit (with signal and noise polarities) is shown

in Fig. 3.5(b).

The circuits in Fig. 3.4(c) and Fig. 3.4(d) use one nMOS and one pMOS transistors. In Fig. 3.4(c), both

the transistors are in CS configuration and therefore act as amplifiers. The transistors in Fig. 3.4(d) are in CD

configuration and thus act as source followers. To create the out-of-phase signals at X and Y, the circuits in

Fig. 3.4(c) and Fig. 3.4(d) need to be excited with differential input signals as shown in Fig. 3.5(c) and Fig. 3.5(d),

respectively. The circuit in Fig. 3.5(c) is a fully differential amplifier, and the circuit in Fig. 3.5(d) is a fully

differential buffer. In all the circuits shown in Fig. 3.5, the instantaneous noise voltages at X and Y are in-phase,

and the signal voltages at X and Y are in out-of-phase. To cancel the noise, one can combine the voltages from

X and Y with the help of two amplifiers (or attenuators), A1 and A2, as shown in Fig. 3.6. The main circuit in

Fig. 3.6 can be any one of the circuits shown in Fig. 3.5.
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M1

M2

M1

M2

M1

M2 M2

M1

Figure 3.5: Noise-canceling circuits with proper excitation to achieve signal summation. (a) and (b) are balun amplifiers,
(c) is a fully differential amplifier, and (d) is a fully differential buffer.

3.2.1 Deriving the noise-canceling condition

In all the circuits derived from the model given in Fig. 3.3(a), the instantaneous noise voltages vX,n, vY,n at

the nodes X and Y can be shown to be

vX,n =
(R+ ro2)ro1
ro1 + ro2 +R

in1 +
ro2ro1

ro1 + ro2 +R
in2, (3.1a)

vY,n =
ro1ro2

ro1 + ro2 +R
in1 +

(R+ ro1)ro2
ro1 + ro2 +R

in2. (3.1b)

Main Circuit

X

Y

A1

A2

∑ vout

Figure 3.6: Amplifiers (or attenuators) A1 and A2 provide the scaling factors required to cancel the noise. Main circuit
can be any one of the circuits shown in Fig. 3.5.

To cancel the noise at the final output, one has to use the additional amplifiers shown in Fig. 3.6. The output
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3. Systematic Generation of Flicker and Thermal Noise-Canceling Circuits

noise voltage vout,n in Fig. 3.6 is given by

vout,n = A1vX,n −A2vY,n

=
(A1 −A2)ro1ro2 +A1ro1R

ro1 + ro2 +R
in1 +

(A1 −A2)ro1ro2 −A2ro2R

ro1 + ro2 +R
in2. (3.2a)

From (3.2a), it can be observed that the noise voltage due to in1 can be canceled entirely if A1/A2 = ro2/(ro2 +

R). Similarly, the noise voltage due to in2 can be canceled entirely if A1/A2 = (ro1 + R)/ro1. It can be

observed that for any non-zero value of R, ro2
(ro2+R) < 1 and (ro1+R)

ro1
> 1. Hence both the conditions for noise

cancellation cannot be satisfied simultaneously. In the present analysis, both A1 and A2 are assumed to be ideal

noiseless amplifiers. In a practical scenario, the overall noise performance of the circuit after the cancellation of

main circuit noise is limited by the noise contribution of A1 and A2.

3.2.2 Simulation results

The circuits in Fig. 3.5 are simulated in a CMOS 65 nm technology to verify the noise cancellation

in the derived circuits. The amplifiers A1 and A2 are implemented using ideal voltage-controlled voltage

sources (VCVS).

3.2.2.1 Noise-canceling differential amplifier

The circuit in Fig. 3.5(c) is designed to verify the flicker and thermal noise cancellation at the output.

Fig. 3.7(a) shows the final circuit operating on a 1.2 V supply voltage. The differential input signal is assumed to

have a DC common-mode voltage of 0.6 V. The circuit consumes 18 µA of current. The resistance values as per

the noise model in Fig. 3.3(a) are ro1 = 89 kΩ, ro2 = 43 kΩ and R = 40 kΩ. From (3.2a), noise due to M1

can be completely canceled if we choose A1/A2 = ro2/(ro2 +R) = 0.5. Otherwise, noise due to M2 can be

completely canceled if we choose A1/A2 = (ro1 +R)/ro1 = 1.44. To verify the mentioned noise-canceling

conditions, A1/A2 is varied, and the input-referred noise at 1 Hz is plotted in Fig. 3.7(b). One can observe the

noise-canceling conditions when only one of in1 and in2 is present. If noise currents due to both M1 and M2 are

present, output noise voltage is minimized if we choose A1/A2 = 0.76.

Fig. 3.8(a) shows the voltage gain at X, Y, and at the final noise-canceled output when A1/A2 = 0.76.

Fig. 3.8(b) shows the input-referred noise of the circuit with (at output) and without (at X or Y) noise cancellation.

From Fig. 3.8(b), one can observe that both flicker and thermal noises can be canceled in this derived circuit.
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Figure 3.8: (a) Voltage gain at X, Y and final output for the NC differential amplifier. (b) Input referred noise voltage of
the differential amplifier with and without noise cancellation.

3.2.2.2 Noise-canceling differential buffer

A noise-canceling differential buffer is designed based on the circuit topology presented in Fig. 3.5(d). The

final circuit, with all component values and biasing, is shown in Fig. 3.9(a). Since the potential application of

this NC buffer is as an output stage for measurements, differential output (vX − vY ) without any extra circuitry

is preferred. For the sake of completeness, the scaling factors A1 and A2 are varied, and the input-referred noise

voltage is plotted in Fig. 3.9(b).

The circuit is designed to offer 50 Ω output impedance at the nodes X and Y. Fig. 3.9(c) shows the |S22|

at the nodes X and Y. Fig. 3.10(a), and Fig. 3.10(b) show the voltage gain and noise figure (NF) of the circuit.

From Fig. 3.10(b), one can observe that the NF is significantly lower when differential output is considered.
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Figure 3.10: (a) Voltage gain at the two differential outputs of the NC buffer, (b) single-ended NF at the nodes X, Y and
the NF when the output is differential.

3.2.2.3 Noise-canceling balun amplifier

The circuit shown in Fig. 3.5(a) is designed to operate on a 1.2V supply voltage. Fig. 3.11(a) shows the balun

amplifier with the component values and bias. The circuit consumes a DC current of 133 µA. The resistance

values as per the noise model are ro1 = 1/gm1 = 0.55 kΩ, ro2 = 14 kΩ and R = 4 kΩ.

From (3.2a), the noise due to M1 can be completely canceled if we choose A1/A2 = ro2/(ro2 +R) = 0.77.

The noise due to M2 can be completely canceled if we choose A1/A2 = (R + ro1)/ro1 ≈ 8.2. To verify

these noise-canceling conditions, A1/A2 is varied, and the input-referred noise voltage at 200 kHz is plotted in

Fig. 3.11(b). Fig. 3.11(b) verifies the derived noise-canceling conditions. If the noise currents due to both M1

and M2 are present, output noise voltage is minimized when A1/A2 = 4.
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Figure 3.12: (a) Voltage gain at X, Y and final output of the circuit shown in Fig. 3.11(a), and (b) input referred noise
voltage with and without noise cancellation for the same circuit.

Fig. 3.12(a) shows the voltage gain at nodes X, Y, and output for the circuit shown in Fig. 3.11(a) when

A1/A2 = 4 (A2 = 1 and A1 = 4). As expected, vY is an amplified version of the input, and vX is an attenuated

version of the input. The input-referred noise voltage with and without noise cancellation is shown in Fig. 3.12(b).

3.3 Generating NC circuits with low input impedance

This section focuses on generating noise-canceling circuits with low input impedance. For achieving low

input impedance, one may apply an input signal to the source node of a common-gate (CG) circuit. We observed

that the noise model, shown in Fig. 3.3(a), is not suitable for designing amplifiers with a CG configuration

because of the position of the input transconductors in the current-reused signal chain. Moreover, one possible
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Figure 3.13: Four possible noise-canceling circuits that are derived from the noise model shown in Fig. 3.3(c).

demerit of the noise model shown in Fig. 3.3(b) was identified in section 3.1.1. The drawback is that the

noise from one noise source gets canceled while the other source’s noise gets added at the output. Hence, the

model in Fig. 3.3(b) is not beneficial. The model shown in Fig. 3.3(c) is explored further to generate new

noise-canceling circuits with low input impedance. To construct the circuits from the model shown in Fig. 3.3(c),

one can replace the noisy current sources in1 and in2 with transistors. Therefore, four possible two-transistor

circuits, as shown in Fig. 3.13, is obtained.

In the circuits shown in Fig. 3.13, input signals can be applied to one or more of the following three terminals:

X, Y, or the intermediate node (let us denote the intermediate node as Z). Using this method on the models

shown in Fig. 3.13, one can develop the circuits shown in Fig. 3.14(a)-3.14(d). In the amplifier topology given in

Fig. 3.14(a), the input is applied to Z, while the output is available at both X and Y. The nodes X and Y can be

combined to get the advantage of current-reuse. Fig. 3.14(b) is similar to Fig. 3.14(a), with the locations of the

pMOS and nMOS transistors interchanged. In Fig. 3.14(b), the input is simultaneously given to both X and Y

to achieve transconductance advantage, while the output is taken from Z. In the circuit shown in Fig. 3.14(c),

the input is given at Y, and output is taken from X. The circuit, shown in Fig. 3.14(d), is a pMOS version of

Fig. 3.14(c). All the circuits, shown in Fig. 3.14(a)-3.14(d), can work as an amplifier with low input impedance.

The circuits shown in Fig. 3.14(a)-3.14(d) can be used to develop noise-canceling LNAs by adding suitable

auxiliary amplifiers. Fig. 3.14(e) shows the architecture of a noise-canceling LNA where the main amplifier can

be anyone from Fig. 3.14(a)-3.14(d). In Fig. 3.14(e), the amplifiers A1 and A2 serve as auxiliary stages of the

noise-canceling LNA.
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Figure 3.14: (a) Circuit developed from Fig. 3.13(a) with input excitation at Z and output taken from both X and Y. (b)
Circuit developed from Fig. 3.13(b) with input excitation given at both X and Y while output is taken from Z. (c) Circuit
developed from Fig. 3.13(c) with input excitation at Y and output taken from X. (d) A pMOS version of the circuit shown
in Fig. 3.14(c). (e) Generic amplifiers A1 and A2 provide the scaling factors required to ensure noise cancellation. The
main amplifier can be any one of the amplifiers shown in Fig. 3.14(a) - 3.14(d).

3.3.1 Analyzing the developed NC circuits with low input impedance

In the NC LNA architecture shown in Fig. 3.14(e), the gains of A1 and A2 need to be appropriately set to

cancel the main amplifier’s noise. The main amplifier can be any one of the amplifiers shown in Fig. 3.14(a)-

3.14(d). The instantaneous noise voltage at the vout node of the NC LNA (as shown in Fig. 3.14(e)) is

vout,n = A1vi,n +A2vo,n, (3.3a)

where vi,n and vo,n are the instantaneous noise voltage at the input and output node of the main amplifier.

Let us consider the main amplifier is the one shown in Fig. 3.14(a). For the noise current in1, the instantaneous

noise voltage generated at the input and output node of the main amplifier is

vi,n1 ≈ in1Ri,

vo,n1 ≈ −in1Ro,

where Ri and Ro represent the input and output node resistances of the main amplifier. From equation (3.3a),
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3. Systematic Generation of Flicker and Thermal Noise-Canceling Circuits

the instantaneous noise current in1 can be canceled at the vout node if

A1

A2
≈ Ro
Ri
. (3.5a)

A similar analysis shows that the instantaneous noise current in2 can be canceled at the final output for the same

gain setting of the auxiliary amplifiers (as given in equation (3.5a)). Therefore, in an NC LNA designed using

the amplifier in Fig. 3.14(a), noise due to both in1 and in2 can be simultaneously canceled at the final output. It

can be shown that noise due to in1 and in2 can also be simultaneously canceled if the main amplifier is as shown

in Fig. 3.14(b).

The amplifier topologies given in Fig. 3.14(c) and 3.14(d) are well-known cascode common-gate LNAs

in the literature [12]. In these LNAs, the cascode device has a significant noise contribution [12]. If noise

cancellation is attempted on the amplifier shown in Fig. 3.14(c), the noise due to in2 (which corresponds to the

matching device M2) can be canceled for a noise-canceling condition similar to equation (3.5a). However, it

can shown that the condition for canceling in1 noise (which corresponds to the cascode device M1) would be

different. As a result, the noise due to both in1 and in2 cannot be simultaneously canceled. The amplifier in

Fig. 3.14(d) has identical noise performance as the one in Fig. 3.14(c).

Therefore, the amplifier topologies, as shown in Fig. 3.14(a) and 3.14(b), are good candidates for noise

cancellation. Also, they have the extra advantage of current reuse, which makes them suitable for low-power

operation. The next chapter further explores the amplifier topologies in Fig. 3.14(a) and 3.14(b) to design

low-power noise-canceling LNAs.

3.4 Summary

The majority of the two-transistor amplifiers presented in this chapter employ both the transistors either in

CS or in CG configuration. However, the CS+CG cascode [132] is another frequently-used amplifier topology in

the literature. Cascode topology provides many advantages, such as increased output impedance and improved

output-input isolation [132]. Because of these advantages, cascode topology has been widely used in the design

of various LNAs [133–136]. The LNA presented in [77] has employed cascode topology in the auxiliary stage

of a noise-canceling LNA. Finally, the main idea of this work was to explore new amplifier topologies where

noise cancellation can be done.

A systematic methodology for generating new noise-canceling circuits is developed and presented in this

chapter. Three new NC circuits having high input impedance are derived, designed, and simulated using
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3.4 Summary

the proposed systematic method. Additionally, architectures of noise-canceling circuits having low input

impedance are developed. The proposed systematic approach may be extended further to derive many more new

noise-canceling circuits.
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4. A Low-Power Partial Noise-Canceling Complementary Common-Gate LNA

4.1 Developing low-power partial noise-canceling common-gate LNA

Chapter 1 presented a brief overview of low-power wideband LNAs in the literature. It was observed that a

majority of the low-power LNAs in the literature [20, 36, 37, 41, 43, 51, 62, 137–139] either offer a high noise

figure or suffer from a poor linearity performance. This chapter investigates the design of low-power wideband

LNAs with an optimized noise and linearity performance.

In noise-canceling (NC) LNAs, the noise of the auxiliary amplifier is not canceled [13, 14]. Therefore, the

overall noise performance of an NC LNA is determined by the noise contribution of the auxiliary amplifier [13,14].

To achieve the best noise performance, noise of the auxiliary amplifier needs to be minimized. For this, the

auxiliary amplifier needs to consume significantly higher power than the main amplifier [13–15,17–20,26,67,76].

However, the primary motivation of this work is to design a low-power LNA with optimized noise performance

rather than LNAs consuming high power to achieve the best noise performance. In order to achieve low-power

operation, the auxiliary amplifier also needs to operate at low power levels.

Vdd Vdd Vdd Vdd

X

R1

vopvi

Y

(b)

R2

R1

R2

X

R1

vi

vop

Y

(a)

R2

R1

R2

vonvon

Figure 4.1: (a) A single-ended input and differential-output noise-canceling LNA derived from Fig. 3.14(a). (b) A
single-ended input and differential-output noise-canceling LNA derived from Fig. 3.14(b). In both the LNAs given in (a)
and (b), the auxiliary amplifier is identical to the main amplifier.

In the previous chapter, amplifier topologies given in Fig. 3.14(a) and 3.14(b) were identified as potential

candidates for designing noise-canceling LNAs. Using the circuits shown in Fig. 3.14(a) and 3.14(b), two

low-power NC LNAs having a single-ended input and differential-output are derived. The derived LNAs

are shown in Fig. 4.1(a) and 4.1(b). In the LNA topologies presented in Fig. 4.1(a) and 4.1(b), the auxiliary

amplifiers are identical to main amplifiers. Other amplifier structures like a CS amplifier can also be used

as the auxiliary stage. However, the current-reused structure shown in Fig. 4.1 is preferred in this work

because of low-power consumption. Moreover, the complementary structure employed in the auxiliary stage
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has the potential to achieve high linearity, which will be discussed later. In case of differential input, the

topologies presented in Fig. 4.1(a) and 4.1(b) can be developed into two fully differential NC LNAs as shown in

Fig. 4.2(a) [140] and 4.2(b), respectively. The same MOSFET that provides input matching as a CG amplifier (i.e.,

the main amplifier) also works as an auxiliary CS amplifier for the differential path. As a result, the main

amplifier noise is not completely canceled in these architectures. However, compared to a differential CG

LNA, these LNAs provide an improved noise performance because of partial noise cancellation. A circuit

similar to Fig. 4.2(b) was also reported in [62]. In [62], R1 and R2 are implemented using current sources to

accommodate lower supply voltage. However, current sources are generally more nonlinear than resistors and

degrade the linearity performance of the LNA given in Fig. 4.2(b). The load resistance of the LNA in Fig. 4.2(b) is

approximately the drain-to-source resistance (rds) of the MOS transistors, while in Fig. 4.2(a), R1 (or R2) comes

in parallel to rds. Since, R1 (or R2) is smaller than rds, the LNA shown in Fig. 4.2(a) has lower load resistance

than the one in Fig. 4.2(b). As a result, the LNA shown in Fig. 4.2(a) has higher bandwidth than the LNA in

Fig. 4.2(b). Because of these reasons, the LNA topology, given in Fig. 4.2(a), is chosen for implementation in

this work. Detailed analysis of the LNA shown in Fig. 4.2(a), is presented in the next section.

Vdd Vdd Vdd Vdd

X

R1

vop

vip

Y

(b)

R2

R1

R2

X

R1

vip

vop

Y

(a)

R2

R1

R2

von

von

vin

vin

Figure 4.2: (a) A fully-differential partial noise-canceling LNA derived from Fig. 4.1(a). (b) A fully-differential partial
noise-canceling LNA derived from Fig. 4.1(b).

4.2 Analysis and design of the proposed LNA

In this section, we present the analysis of the proposed LNA followed by the design methodology.
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Figure 4.3: (a) Proposed low-power partial noise-canceling common-gate LNA, (b) component values used in the
implementation of the LNA, (c) simplified differential equivalent circuit of the proposed LNA, (d) variation of the effective
transconductance of the LNA with frequency, and (e) typical magnitude plot of the LNA with frequency.

4.2.1 Input impedance and gain

The low-power fully-differential partial noise-canceling complementary common-gate (CCG) LNA used

in this work, is shown in Fig. 4.3(a). The four transistors M1p,n and M2p,n act both as common-gate (CG) as

well as common-source (CS) amplifiers. Differential input is simultaneously applied to the gate and the source

terminals of the two nMOS transistors (M1n, M2n) in Fig. 4.3(a) to enhance the effective gm of each transistor

by a factor of two [45–48]. Similar gm-enhancement occurs for the two pMOS transistors (M1p, M2p) also.

These two pMOS and nMOS CG pairs are vertically stacked so that the DC current is reused. The pMOS and

nMOS drain voltages are combined using two output capacitors Co. The output is taken differentially, as shown

in Fig. 4.3(a). Fig. 4.3(b) shows the component values used in the implementation of the LNA. Let gmp and gmn

represent the transconductances of pMOS and nMOS transistors, respectively. Similarly, rop and ron represent

the drain-to-source resistances of pMOS and nMOS transistors, respectively. For a given differential input
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(vip − vin), the effective in-band transconductance of the circuit can be shown to be equal to 2(gmp + gmn),

which is approximately four times more than the transconductance of a single CG amplifier biased at the same

current.

The proposed LNA has both the x-axis and y-axis symmetries and can be folded along either of the two axes

for the purpose of analysis. Fig. 4.3(c) shows a reduced circuit obtained by folding the circuit along the x-axis.

The transistors M1n and M1p from Fig. 4.3(a) are combined into a single transistor M1 in Fig. 4.3(c), such that

the transconductance of M1 is g1 = (gmp + gmn). Similarly, M2n and M2p are combined into a single transistor

M2. The effective load resistance at each output node of the equivalent circuit is RL/2. CL denotes the load

capacitance to the circuit, which in this case is the capacitance seen at the input of the output buffer stages. Cx

represents the effective capacitance present at the output node, where Cx = (2CoCL)/(2Co + CL). The bias

network, consisting of resistor Rc and capacitor Cc, is also scaled, as shown in Fig. 4.3(c). Assuming that the

load resistance RL is much smaller than the MOSFET output impedances, the effective transconductance of the

circuit in Fig. 4.3(c) is

Gm,eff ≈
1 + s2RcCc
1 + sRcCc

g1

≈ 1 + s2RcCc
1 + sRcCc

(gmp + gmn). (4.1a)

Fig. 4.3(d) shows the typical variation of the effective transconductance with frequency. After the pole frequency

1/(RcCc), the effective transconductance is ≈ 2(gmp + gmn) = 2g1. Assuming rop, ron � RL, the input

impedance of the circuit in the passband can be shown to be as follows.

Zin ≈
1

2(gmp + gmn)
=

1

2g1
(4.2a)

From equation (4.2a), for a given input impedance, the proposed LNA requires approximately four-times smaller

current compared to a single CG amplifier. This current is also much smaller than what is typically needed in a

shunt-feedback LNA [29, 30]. If we bias the transistors such that gmp = gmn = gm, then we need gm = 1/4Rs

for input matching with a source resistance of Rs. Therefore, the gm requirement per transistor (and hence the

bias current) in the proposed LNA is four-times smaller than that of a CG LNA.

The voltage gain of the circuit in Fig. 4.3(c) can be obtained as

Av ≈
1 + s2RcCc
1 + sRcCc

(gmp + gmn)
RL/2

1 + s(RLCx/2)

=
(1 + s2RcCc)(RL/2)

(1 + sRcCc)(1 + s(RLCx/2))
(gmp + gmn). (4.3a)
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A magnitude Bode plot of the voltage gain is shown in Fig. 4.3(e). The mid-band voltage gain of the proposed

LNA is ≈ 2(gmp + gmn)(RL/2) = g1RL.

4.2.2 Noise

Fig. 4.4 shows the different noise sources present in the LNA. In Fig. 4.4, i2n1 = i2n2 = 4kTγmg1,

v2
n,RL

= 4kT (RL/2), v2
n,Rc

= 4kT (Rc/2) and v2
n,Rs

= 4kTRs, where γm is the thermal noise coefficient of a

MOS transistor. The instantaneous noise due to the MOS transistors gets partially canceled at the output. Partial

noise cancellation is also reported in references [48,49] employing capacitor cross-coupling technique. However,

compared to [48, 49], this work targets to design a low-power wideband LNA with an optimized noise and

linearity performance to achieve an overall good figure-of-merit (FOM). For deriving the output noise voltage

of the circuit, one needs to estimate the noise transfer function of in1 (or in2) first. Considering only the noise

current in1 is present in the circuit, the instantaneous noise voltage generated at the output nodes vop and von

can be derived as

vn1,op = −RL
2

[
g1R

′
s + 1

2g1R′s + 1

]
in1, (4.4a)

vn1,on = −RL
2

[
g1R

′
s

2g1R′s + 1

]
in1, (4.4b)

where R′s = Rs||(Rc/2). Because of differential operation between vop and von, the instantaneous noise voltage

at the output due to the noise current in1 is

vn1,out = vn1,op − vn1,on

= −RL
2

[
1

2g1R′s + 1

]
in1 (4.5a)

Noise current in2 has an identical transfer function as in1. Finally, the total output noise voltage at the differential

output can be derived as

v2
n,out = 2Av

2
[ R′s/Rs

1 + 2g1R′s

]2
v2
n,Rs

+

[
RL
2

]2[ 1

2g1R′s + 1

]2

i2n1 +

[
RL
2

]2[ 1

2g1R′s + 1

]2

i2n2

+ 2
Av

2

(1 + 2g1R′s)
2

[2R′s
Rc

]2
v2
n,Rc

+ 2v2
n,RL

(4.6a)
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Figure 4.4: Simplified version of the LNA showing different noise sources.

The noise factor of the proposed LNA can be derived as

F = 1 +

1
(1+2g1R′

s)2

{[
RL
2

]2
i2n1 +

[
RL
2

]2
i2n2 + 2A2

v

[2R′
s

Rc

]2
v2
n,Rc

}
+ 2v2

n,RL

2A2
v

[
R′

s/Rs

1+2g1R′
s

]2
v2
n,Rs

= 1 +
γm

4g1Rs

[
Rs
R′s

]2

+
[1 + 2g1R

′
s]

2

2g2
1RsRL

[
Rs
R′s

]2

+
Rs
Rc/2

. (4.7a)

In the noise factor expression given in (4.7a), the second term is due to the noise contribution of the MOS

transistors, and the third term is because of the load resistors. The second term can be reduced by selecting higher

values of g1, keeping the input impedance matching intact. A high value of RL can reduce the noise contribution

from the third term. The fourth term represents the noise contribution of the biasing resistor (Rc). The noise

contribution of Rc can be reduced by choosing Rc � Rs (Rc = 21.8 kΩ in the current implementation). For

Rc � Rs, (4.7a) can be simplified to

F ≈ 1 +
γm

4g1Rs
+

[1 + 2g1Rs]
2

2g2
1RsRL

. (4.8a)

In the current implementation, RL = 850 Ω. The value of g1 can be modified by varying the bias voltages of

the nMOS and pMOS transistors, once their dimensions are fixed. In this work, we analyzed and measured

the performance of the proposed LNA at two different biasing conditions, which correspond to two different

g1 values (11.34 mf and 8.6 mf). The two mentioned biasing conditions are associated with two modes of

operation of the LNA. Details of the two operating modes of the LNA are discussed later in this chapter.
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Figure 4.5: (a) Single-ended version of the LNA showing pMOS and nMOS distortion currents, (b) simplified single-ended
model of the proposed LNA for nonlinearity analysis.

4.2.3 Linearity

One key advantage of the proposed LNA is the possibility of inherent linearization within the circuit [15,141].

In the proposed LNA, the distortion is mainly caused by the nonlinear transconductance of the MOS transistors.

Considering up to a third-order nonlinearity, the small-signal drain current of a MOS transistor is [142], [143]:

ids = gmvgs +
g′m
2!
v2
gs +

g′′m
3!
v3
gs,

where gm = ∂IDS
∂VGS

, g′m = ∂2IDS

∂V 2
GS

and g′′m = ∂3IDS

∂V 3
GS

. Fig. 4.5(a) shows a single-ended version of the proposed

LNA with all the distortion currents due to pMOS and nMOS transistors. In Fig. 4.5(a), the drain currents of the

pMOS and nMOS transistors are

idp = gmp(2vi) +
1

2
g′mp(2vi)

2 +
1

6
g′′mp(2vi)

3,

idn = gmn(−2vi) +
1

2
g′mn(−2vi)

2 +
1

6
g′′mn(−2vi)

3.

62

TH-2653_146102003



4.2 Analysis and design of the proposed LNA

The pMOS and nMOS currents are combined at the output using two capacitors Co [141]. The combined output

current, as shown in Fig. 4.5(b), is [15]

iout = (idp − idn)

= 2(gmp + gmn)vi + 2(g′mp − g′mn)v2
i +

4

3
(g′′mp + g′′mn)v3

i

=
[
2g1vi + 2g2v

2
i +

4

3
g3v

3
i

]
, (4.11a)

where

g2 = (g′mp − g′mn)

g3 = (g′′mp + g′′mn).

From the output-current expression in (4.11a), the second-order nonlinear terms can be canceled if g′mp and g′mn

are properly matched. Moreover, the intrinsic third-order nonlinearity of the LNA can be reduced by biasing the

pMOS and nMOS transistors near the zero-crossings of g′′mp and g′′mn, respectively.
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Figure 4.6: Simulated (a) g′mp and g′mn, and (b) g′′mp and g′′mn for the pMOS and nMOS transistors used in this work.

Typical variations of g′mn, g′mp, g′′mn, and g′′mp with the gate-to-source bias voltage VGS are shown in Fig. 4.6.

From Fig. 4.6, within the optimum VGS-range VGS,opt ≈ (540± 10) mV, the magnitudes of g′mp and g′mn are

almost equal and the third-order distortion coefficients g′′mp and g′′mn have near-zero values.

4.2.4 Design methodology

The biasing of the proposed LNA is set using two external voltages, Vbp and Vbn. Fig. 4.7(a) and 4.7(b)

show the noise figure and IIP3 of the designed LNA with varying Vbp and Vbn. From Fig. 4.7, it is observed that

the bias settings for high linearity and low NF are different. Hence, simultaneous low-noise and high-linearity
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operations are not feasible. However, one can select the proposed LNA’s operating point based on the target

specification in terms of NF and IIP3. In this work, we have analyzed and measured the LNA performance for

the following two operating points, as marked in Fig. 4.7: a high-linearity mode and a low-noise mode.
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Figure 4.7: Simulated (a) NF, (b) IIP3 of the implemented LNA with varying bias voltages Vbp and Vbn.

The design methodology of the proposed LNA is summarized in the following points.

(i) For input-match, one needs gmp = gmn ≈ 1/4Rs. If one wants to operate the transistors at a gm/ID of x,

the current requirement of the LNA is ≈ 1/(2Rsx).

(ii) Once a value of x is chosen, appropriate transistor widths can be chosen based on the ID/W plots [68].

(iii) For low NF, one needs RL � 8Rs. However, the value of RL is limited by the maximum allowed voltage

drop across it. Assuming a maximum voltage drop of Vdd/4 across each resistor, RL should be less than

VddRsx.

(iv) One has to choose Rc � Rs for better NF. Cc value can be chosen based on the lower 3-dB frequency

requirement of the LNA.

(v) One can generate the g′m and g′′m plots as in Fig. 4.6 to find out the VGS,opt range. Once VGS,opt is known,

one can choose Vbn = (Vdd/2 + VGS,opt) and Vbp = (Vdd/2 − VGS,opt) as the initial bias voltages to

achieve high IIP3.

(vi) Using Fig. 4.7, one can set the operating point of the LNA depending on the target performance specifica-

tion.
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4.3 Implementation details and measurement results

A prototype LNA is implemented in TSMC 180 nm 1P6M CMOS technology, where it occupies an active

area of 0.08 mm2. The photographs of the PCB and the die are shown in Fig. 4.8(a) and 4.8(b), respectively.

The LNA consumes 490 µA and 800 µA of current from a 1.5 V supply voltage in the high-linearity mode

and the low-noise mode, respectively. Two common-drain buffers are used at the output of the LNA for testing

purposes. The chip also consists of standalone buffers to facilitate the de-embedding of the buffer performance.

The die is enclosed in a 56-pin quad-flat no-leads (QFN) package and mounted on an FR-4 printed circuit board

(PCB) for testing. Off-chip baluns from minicircuits (TCM2-33X+) are used for single-ended to differential and

differential to single-ended conversions.

Chip

LNA Core

Output Buffers Buffers

Balun

Test

(a) (b)

500 µm

1
6

0
µ

m
Figure 4.8: Photographs of the (a) testing board and (b) the die.
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Figure 4.9: LNA test-setup with various measuring instruments.

The S-parameters of the LNA is measured using the Keysight N9952A vector network analyzer (VNA).

Fig. 4.10(a) shows the measured |S11| and |S22| of the implemented LNA for the two modes of operation.

Both |S11| and |S22| are <−10 dB over the frequency range of interest. The LNA is stable at all frequencies.

Fig. 4.10(b) shows the measured stability factor (K) [138]. Anritsu MS2713E spectrum analyzer is used in
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Figure 4.10: Measured (a) |S11| and |S22|, (b) stability factor (including output buffers), (c) voltage gain and (d) NF of
the LNA. Measured IIP3 of the LNA (e) with input frequency (for 10 MHz tone spacing), and (f) with tone spacing at
500 MHz.

gain, NF, and IIP3 measurements. The two-tone signal for IIP3 measurement is generated using two signal

sources, TSG 4102A and R&S SMB100A, and an off-chip combiner. The test-setup with various measuring

instruments is shown in Fig. 4.9. Fig. 4.10(c) shows the measured voltage gain of the LNA. In high-linearity

and low-noise modes, the LNA has a peak voltage gain of 16.5 dB and 17.5 dB, respectively. Fig. 4.10(d)

shows the NF of the LNA. In high-linearity mode, the LNA has a measured NF of 4.19 − 4.65 dB over the

frequency range of 0.1 − 1 GHz. In low-noise mode, the LNA has a lower NF of 3.41 − 3.81 dB over the

frequency range of 0.1− 1.1 GHz. Fig. 4.10(e) shows the measured IIP3 of the LNA at different frequencies.

The separation between the two tones for this measurement is 10 MHz. At 500 MHz, the LNA has a measured
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IIP3 of ≈ +5.1 dBm and ≈ −0.2 dBm in high-linearity mode and low-noise mode, respectively. The IIP3 is

also measured with varying tone spacing around 500 MHz. Fig. 4.10(f) shows the measured IIP3 with varying

tone spacing. The LNA has a measured input-referred 1-dB compression point (P1dB) of ≈ −14.8 dBm at

500 MHz for the high-linearity mode of operation.

Tab. 4.1 shows a summary of the LNA performance and provides a comparison with other relevant LNAs.

From Tab. 4.1, the proposed LNA has the highest IIP3 among the sub-mW LNAs [38–40, 52, 62, 68]. The

following FOM [62] is often used to compare wideband LNAs.

FOM = 20 log10

[
BW [GHz]Gav[lin.]IIP3[mW ]

Pdc[mW ](NFav[lin.]− 1)

]
,

where Gav represents average voltage gain, NFav represents the average NF, BW represents the bandwidth in

GHz, and Pdc is the DC power consumption in mW. The proposed LNA has achieved the second highest FOM

among the sub-mW LNAs shown in Tab. 4.1.
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Table 4.1: Performance summary of the proposed LNA and a comparison with other sub-mW LNAs

Inductor
present?

Tech.
(nm)

Freq.
(GHz)

Gain
(dB)

NF
(dB)

IIP3
(dBm)

Power
(mW)

Area
(mm2)

FOM

T.W. (high-lin. mode) No 180 0.1− 1 16.5 4.19− 4.65 +5.1? 0.735 0.08 22

T.W. (low-noise mode) No 180 0.1− 1.1 17.5 3.41− 3.81 −0.2? 1.2 0.08 11.76

TCAS-I 2019 [68]
No 28 0.2− 2.4 15 4.5 −6.5 0.5 0.005 8.17
No 65 0.2− 2.7 14.5 4.6 −1 1.2 0.005 11.87

TCAS-I 2018 [62]
No 65 0.2− 2.7 21.2 3− 3.5 −2 0.96 0.05 23.08
No 65 0.1− 4.3 21.2 2.8− 4 −7.7 2 0.05 9.25

ISCAS 2018 [42] No 90 0.04− 0.8 14.27 6.5 −5.74 0.49 0.365∇ −5.7

MWCL 2017 [52] No 180 0.4− 1 15.5− 18 4.2 −14 to −21 0.2 0.27 −5.95

TCAS-I 2017 [41] No 130 0.1− 1.2 21.2 2.6 +6 1.52 0.007 30.6

ISLPED 2017 [51] No 28 0.45− 6 16.8 7.3 −16 0.3 0.0015 −4.16

TMTT 2016 [40] No 130 0.1− 2.2 12.3 4.9− 6 −9.5 0.4 0.005 −1.78

AICSP 2014 [36] No 65 0.5− 2.5 15 3.9− 5 +3.1 0.91 0.385 21.5

E. Lett. 2014 [63] No 130 0.35− 0.95 14 3.7− 4.6 – 0.4 0.06 –
JSSC 2012 [70] No 130 0.1− 2.7 20 4 −12 1.32 0.007 −3.2

TCAS-II 2018 [64] Yes 180 2− 5 13 6− 8 −9.5† 1.8 0.72 −13.6

JSSC 2016 [39] Yes 130 0.6− 4.2 14 4 −11.5 to −9.5 0.25 0.396 13.07

TVLSI 2015 [38] Yes 90 0.1− 7 12.6 5.5− 6.5 −6 to −9 0.75 0.23 8.89

MWCL 2014 [37] Yes 180 2.3− 2.6 14.7 4.8 +2 0.58 0.39∇ 5.36

RFIC 2011 [43] Yes 180 2− 2.3 13.9 5.14 −9.3 0.21 1.5 −10.2

? At 500 MHz center frequency;∇ Including pads; † Simulated IIP3

4.4 Summary

This chapter presented a sub-mW inductorless wideband LNA with partial noise cancellation and high

linearity. In the proposed LNA topology, gm-linearization is achieved without any power overhead. The designed

LNA has an IIP3> 0 dBm from 0.1-to-1 GHz while consuming only 0.735 mW of DC power in the high-linearity

mode of operation. In the low-noise mode of operation, the LNA has a minimum NF of 3.41 dB while consuming

1.2 mW of DC power.
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5. A Mixer-First Receiver With a Low-Power Complementary Common-Gate TIA

5.1 Introduction to mixer-first receivers

Over the last decade, N-path passive mixer-first receivers [29–31, 95, 98–120] have become a popular choice

for surface acoustic wave (SAW)-less fully integrated radio receivers. The key features of an N-path passive

mixer-first receiver are its frequency translational property and high linearity. In this chapter, we first provide

an overview of N-path mixer-first receivers followed by the implementation of a mixer-first receiver with the

proposed complementary common-gate (CCG) TIA.

5.1.1 Overview of N-path passive mixer-first receivers

An N-path passive mixer-first receiver contains N identical parallel paths, which are driven by N non-

overlapping clock pulses. The first block in each path is a passive mixer that receives and down-converts the

incoming RF signal. The absence of RF gain degrades the NF of a passive mixer-first receiver slightly. However,

the achieved linearity of N-path passive mixer-first receivers is superior to the traditional LNA-first receivers [26,

28, 32, 144, 145]. As a result, mixer-first receivers in the literature [29, 30, 99–101, 105–109] have achieved an

improved spurious-free dynamic range (SFDR) compared to their LNA-first counter-parts [26, 28, 32, 144, 145].

Fig. 5.1(a) shows the architecture of a four-path passive mixer-first receiver [98]. In Fig. 5.1(a), Rs is the

source resistance. The four paths get successively turned on by the four non-overlapping 25% duty cycle clock

pulses. The four non-overlapping clock pulses (p1, p2, p3, and p4) of period TLO are shown in Fig. 5.1(b). The

mixer outputs are filtered using the shunt capacitors (Csh). The intermediate frequency (IF) components of the

mixer output are further processed using the baseband amplifiers. Amplifiers in a shunt-feedback configuration

are generally used in the baseband stage of a passive mixer-first receiver [98]. Each passive mixer can be treated

as a switch having a series resistance Rsw. Since the clock pulses are completely non-overlapping, only one

Rsw is active at a time. Hence, the series resistance of all the switches can be lumped together and treated as

a single resistor of the same value, as shown in Fig. 5.1(c). The input impedance of the baseband amplifier is

represented by ZB . [98] further simplified the analysis of a passive mixer-first receiver and presented a linear

time-invariant (LTI) model as shown in Fig. 5.1(d). In the mixer-first receiver LTI model, Rsh accounts for the

power loss due to the up-conversion by harmonics of the local oscillator (LO), and γ is a topology-dependent

constant. For an N-path passive mixer-first receiver, the parameters γ and Rsh can be represented as [98]

γ =
sinc( πN )2

N
(5.1a)

Rsh = (Rs +Rsw)
Nγ

1−Nγ
(5.1b)
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Figure 5.1: (a) A four-path passive mixer-first receiver [98]. (b) The four non-overlapping clock pulses of period TLO. (c)
A simplified model of a four-path passive mixer-first receiver [98]. (d) The LTI model of a passive mixer-first receiver [98].

From Fig. 5.1(d), the input impedance (Zin) of the mixer-first receiver can be represented as [98]

Zin = Rsw +
(
Rsh||

γ

jωIFCsh
||γZB

)
, (5.2a)

where ωIF = (ωRF −ωLO) is the frequency of the down-converted signal. From (5.2a), one needs to design Rsw

and ZB properly to achieve the 50 Ω impedance required at the RF input. Because of the frequency translational

property of N-path mixers, the baseband impedance seen at the output of the mixer is translated to the RF port.

As a result, one may tune the N-path passive mixer-first receiver to a desired frequency band just by changing

the clock frequency.

In an N-path passive mixer-first receiver, the baseband stage is the only static power-consuming block since

the RF LNA is removed. In high-linearity mixer-first receivers presented in [29–31], the static power constitutes
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a considerable percentage of the total power budget. Various techniques are proposed in [102, 114–117, 121]

to reduce the power consumption of passive mixer-first receivers. The mixer-first receiver in [114] uses a

noise-power optimized multi-path current-reused baseband amplifier. An RF-to-BB current-reuse technique is

proposed in [115] to reduce the power consumption in N-phase mixer-first receivers. [121] proposed a low-power

blocker-tolerant receiver with a gain-boosted mixer-first topology. Features like indirect BB amplification and

double-RF N-path filtering were explored in [121]. An optimized supply voltage is used to reduce the power

consumption in the mixer-first receiver that is demonstrated in [116]. [102] proposed a low-power gain-boosted

N-path mixer-first receiver with switched BB extraction. [117] proposed a passive mixer-first low-power wake-

up-receiver using a ring-based local oscillator (LO). [122] demonstrated an ultra-low-power passive-mixer-based

receiver using a passive LNA before the mixer stage. However, it [122] requires a large off-chip inductor, and

frequency tunability is compromised. [123] proposed a technique to harvest energy from the out-of-band RF

blockers to extend the battery life of a receiver. However, the technique in [123] requires extra inductors, and

the receiver is not frequency tunable. [124] achieves low-power operation by removing the requirement of

multiphase clock generation circuitry. However, an extra RF phase shift network is needed before the mixers for

the receiver’s quadrature operation.

In a mixer-first receiver, the TIA provides the input-match and has a major effect on the overall noise and

linearity performance of the receiver. The shunt-feedback topology is the most commonly used TIA in mixer-first

receivers. The linearity, noise performance, and power consumption are tightly coupled with each other in a

mixer-first receiver with a shunt-feedback TIA [146]. Typical trade-offs involved in the design of the TIA for a

mixer-first receiver are shown in Fig. 5.2 [147]. Opamp (or OTA) based shunt-feedback TIAs usually exhibit

poor linearity and require an additional linearization technique, such as noise-and-distortion cancellation [147],

to improve the in-band linearity. The noise-and-distortion canceling technique, which is frequently used in the

design of RF LNAs [20, 75], requires significantly high power to be dissipated in the auxiliary stage.

IB Linearity

Power

Noise Figure

(analog)

Design Trade-offs

Input
Impedance

Figure 5.2: Typical trade-offs in the design of the TIA for a mixer-first receiver [147].
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The complementary common-gate (CCG) LNA developed in the previous work has many useful features.

The proposed four-transistor-LNA has a high transconductance efficiency. It achieves good noise-and-linearity

performance at low power levels because of partial noise cancellation and an inherent linearization technique. In

this work, the same LNA is redesigned to be used as the baseband TIA. The designed TIA is used to develop a

frequency-agile receiver front-end working in the frequency range 0.3− 1.3 GHz.

5.2 Mixer-first receiver with a complementary common-gate TIA

Fig. 5.3 shows the block diagram of the implemented four-phase mixer-first receiver using the CCG TIA in

the baseband. In Fig. 5.3, Rs denotes the source resistance, Csh is the shunt capacitance at the input of the TIA,

and Cb is an off-chip DC blocking capacitor at the RF input. The mixer switches are implemented using nMOS

transistors. The mixer is DC-coupled to the TIA. The gates of the mixer transistors are biased to resolve the

DC-offset problem caused by the DC-coupling. An on-chip frequency divider (/2) and a set of combinational

logic circuits are used to generate the four non-overlapping LO signals (p1 − p4) required for the mixer. The

design details of each of these blocks are discussed in section 5.4.

vs
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BB TIAs
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Csh
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Cb

Vb

on chip

v

v

generator

I+

I−

Q+v

vQ−

p2 p3 p4

p1
p2
p3
p4

four-phase
LO

ZB

Zin

clock

Figure 5.3: Block diagram of the implemented four-phase mixer-first receiver.

The same analysis that was presented in chapter 4.4 for the LNA is equally valid for the baseband TIA. From

the analysis given in section 4.2, the mid-band voltage gain of the baseband TIA is

Av ≈ 2(gmp + gmn)
RL
2

= g1RL, (5.3a)

where gmp and gmn represent the transconductances of the pMOS and nMOS transistors, respectively. RL

denotes the load resistance and g1 = (gmp + gmn). Similarly, the input impedance of the baseband TIA in the
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passband can be represented as

ZB ≈
1

2(gmp + gmn)
=

1

2g1
(5.4a)

5.3 Receiver analysis

In this section, we present the theoretical analysis of the mixer-first receiver based on the LTI model presented

in Fig. 5.1(d) [98]. Fig. 5.4 shows the LTI model of the proposed mixer-first receiver [98]. As per the LTI

model [98], the shunt capacitance (Csh) and the baseband input-impedance (ZB) are scaled by the factor γ. For

a four-path mixer-first receiver, γ ≈ 0.203 and Rsh ≈ 4.3(Rs +Rsw) [98]. The LTI model shown in Fig. 5.4 is

used in the following subsections to derive different performance parameters of the proposed mixer-first receiver.

Rs Rsw

Csh

γ
Rshvs

Zin

vi Av vout

ZT

ω
RF

− w
LO

γZB

Figure 5.4: An LTI model of the receiver [98].

5.3.1 Input impedance

The input impedance of the TIA is γZB , where ZB = 1/(2g1) (from equation (5.4a)). From equation (5.2a),

the input impedance of the receiver is

Zin = Rsw +
(
Rsh ||

γ

jωIFCsh
|| γ

2g1

)
= Rsw +

(
1

1
Rsh

+ jωIF

Csh
γ + 2g1

γ

)
. (5.5a)

Typically a low resistance is chosen for the mixer switches to minimize their noise contribution. Leaving Rsw

aside, the designers can vary the transconductance g1 to achieve impedance matching at the RF input. Fig. 5.5(a)

shows a comparison of analytical (Eq. (5.5a)) and simulated real part of Zin with varying g1. In this simulation,

all ideal components are used, with their values being those corresponding to the actual implementation. From

Fig. 5.5(a), we need a transconductance of around 2 mf for a ≈ 50 Ω input impedance. Fig. 5.5(b) and 5.5(c)

shows a comparison of analytical (Eq. (5.5a)) and simulated real and imaginary parts of the input impedance at
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Ideal transconductors are used to realize the baseband stage in these simulations.

1 GHz LO frequency for three different g1 values.

5.3.2 Conversion gain

Let Ra = (Rs +Rsw). The impedance seen from the baseband input node towards the mixer is

ZT = Ra || Rsh ||
γ

jωCsh
.

From Fig. 5.4, the voltage at the input of the baseband TIA (vi) can be represented as

vi =

(
Rsh || γ

2g1
|| γ
jωCsh

)[
Ra + (Rsh || γ

2g1
|| γ
jωCsh

)
]vs

=
ZT || γ

2g1

Ra
vs

=
1

1 + To

[
ZT
Ra

]
vs,
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Figure 5.6: Comparison of analytical and simulated conversion gain of a single-path of the receiver (including the source
resistance) with varying baseband transconductance (g1) for fLO = 1 GHz.

where To = 2(g1/γ)ZT . The conversion gain of a single-path of the receiver (including the source resistance) is

G =
vout
vs

=
( vi
vs

)
.
(vout
vi

)
=

1

1 + To

[
ZT
Ra

]
Av, (5.8a)

where Av is the gain of the baseband TIA and is given by (5.3a). Fig. 5.6 shows a comparison of the analyti-

cal (Eq. (5.8a)) and simulated conversion gain of the receiver with varying g1.

5.3.3 Noise

Fig. 5.7 shows all the noise sources present in the proposed mixer-first receiver. As per the receiver LTI

model [98], we need to scale all the baseband components, including g1, by the factor γ. In Fig. 5.7, in1 and in2

represent the instantaneous noise current of the baseband transconductor. i2n1 = i2n2 = 4kTγm(g1/γ), where γm

is the thermal noise coefficient of a MOS transistor. Let us assume that the biasing resistor Rc � Re(ZT ), such

that its noise contribution can be ignored. By employing analysis similar to section 4.2.2 (LNA noise analysis),

the output noise voltage of the baseband TIA can be derived as

v2
n,B =

[
1

1 + To

]2(γRL
2

)2[
4kTγm

g1

γ

]
+ 2kTγRL (5.9a)

Let v2
n,s = 4kTRs, v2

n,sw = 4kTRsw and v2
n,sh = 4kTRsh represent the mean square thermal noise voltage

densities of the resistors Rs, Rsw and Rsh respectively. The output noise voltage of the receiver is

v2
n,Rx = G2

[
v2
n,s + v2

n,sw +
( Ra
Rsh

)2
v2
n,sh

]
+ v2

n,B (5.10a)
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Figure 5.7: LTI model of the mixer-first receiver with all the noise contributing components.

From (5.10a), the noise factor of the receiver can be derived as

F = 1 +
Rsw
Rs

+
Rsh
Rs

( Ra
Rsh

)2
+

v2
n,B

(G)24kTRs

= 1 +
Rsw
Rs

+
Rsh
Rs

( Ra
Rsh

)2
+

γγm
4g1Rs

(Ra
ZT

)2

+
γ(1 + To)

2

2g1
2RsRL

(Ra
ZT

)2
(5.11a)

Fig. 5.8 shows a comparison of analytical (Eq. (5.11a)) and simulated noise figures for different values of g1. In

this work, a g1 of 2.28 mf is chosen for the implementation. This design choice ensures a good input match, a

single-path conversion gain of ≈ 12 dB (including the source resistance), and an estimated NF < 4 dB.
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Figure 5.8: Comparison of analytical and simulated noise figure of the receiver with varying baseband transconduc-
tance (g1) for fLO = 1 GHz. Ideal transconductors with noise current-sources are used in the baseband stage for these
simulations.

5.3.4 Linearity

In general, the mixer-switches are highly linear [104], and the overall in-band linearity of a mixer-first

receiver is dominated by the linearity of the baseband TIA. In the present analysis, it is assumed that the mixer

switches are completely linear, and distortion is caused by the baseband transconductors only.
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Figure 5.9: An in-band LTI model of the mixer-first receiver showing the distortion currents of the baseband TIA.

Fig. 5.9 shows an in-band LTI model of the mixer-first receiver, including the nonlinear current components

in the TIA. The following equation can be written using the nodal analysis on the circuit shown in Fig. 5.9.

vi − vs
Ra

+
vi
Rsh

+ 2
g1

γ
vi + 2

g2

γ
vi

2 +
4

3

g3

γ
vi

3 = 0 (5.12a)

Using the output current equation in (4.11a), the output voltage can be represented as

vout =
γRL

2
iout

=
γRL

2

[
2
g1

γ
vi + 2

g2

γ
vi

2 +
4

3

g3

γ
vi

3
]

(5.13a)

Using equations (5.12a) and (5.13a), the fundamental and third harmonic coefficients of the gain are

A1 =
g1RL

(1 + To)

[ZT
Ra

]
,

A3 =
2

3

g3RL
(1 + To)4

[
1− 3g2

2

g1g3

To
(1 + To)

][ZT
Ra

]3

.

Hence, the in-band IIP3 of the receiver is

AIIP3,IB =

√
4

3
.

∣∣∣∣A1

A3

∣∣∣∣
=

√√√√2

∣∣∣∣g1

g3
.

(1 + To)3[
1− 3g22

g1g3
To

(1+To)

] .[Ra
ZT

]2∣∣∣∣ (5.15a)

In the above expression, the term
[3g22

g1g3
To

(1+To)

]
in the denominator is due to the second-order interaction [15,

141]. The even-order harmonics, due to feedback, gets multiplied by the input tones to generate this distortion

term. This term degrades the IIP3 because g1 and g3 usually have opposite signs. However, if g′mp and g′mn

are properly matched, then g2 is almost equal to zero. g3 can be reduced if pMOS and nMOS transistors are
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Figure 5.10: (a) Comparison of simulated and analytical (Eq. (5.15a)) IB-IIP3 of the receiver at fLO = 1 GHz with
varying g3. g2 is considered zero for this analysis. (b) Effect of second-order distortion on the IB-IIP3 of the receiver at
fLO = 1 GHz for g1 = 2.28 mf and g3 = 4 mA/V 3. Ideal transconductors with nonlinear current source models are
used in the baseband stage for these simulations.

appropriately biased, such that both g′′mp and g′′mn have near-zero values. Fig. 5.10(a) shows a comparison of

simulated and analytical (Eq. (5.15a)) IB-IIP3 of the receiver with varying g3. The second-order distortion

coefficient (g2) is assumed to be zero in the analysis shown in Fig. 5.10(a). Fig. 5.10(b) shows the effect of

second-order distortion on the receiver IIP3. It is observed that the IB-IIP3 of the receiver decreases with an

increase in second-order distortion.
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Figure 5.11: Simulated IIP3 of the proposed TIA with the varying input tone frequency. The component values used in
the implementation of the TIA are shown in Fig. 5.19(c).

The employed linearization technique is not effective in improving the out-of-band (OOB) IIP3 of the

receiver. One can set |g2| ≈ 0 (by proper design of the transconductors) at low frequencies, but |g2| increases

with frequency due to parasitic feedback paths [141]. Also, the optimum gate-bias voltage for a MOS transistor

changes with varying input-tone frequency [83]. Hence, for a specific gate-bias voltage, the linearity improvement
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Figure 5.12: Simulated output power levels Pf1 , Pf2 , P(2f1−f2), P(2f2−f1) of the designed TIA with varying Pin for
the following input tone frequencies: (a) f1 = 3 MHz, f2 = 4 MHz, (b) f1 = 5 MHz, f2 = 6 MHz, (c) f1 = 10 MHz,
f2 = 19 MHz and (d) f1 = 20 MHz, f2 = 39 MHz.

may not be uniform with varying input tone frequencies. Fig. 5.11 shows the simulated IIP3 of the designed TIA

with varying input-tone frequency. The component values and the bias-voltages used in the TIA implementation

are given in the following section. From Fig. 5.11, it is observed that the linearity performance of the TIA

degrades beyond its bandwidth (which is 10 MHz in the current design).

In order to understand the effect of input tone frequency on the IIP3 of the baseband TIA, the linear {Pf1 ,

Pf2} and IM3 {P(2f1−f2), P(2f2−f1)} output components are plotted in Fig. 5.12 with varying input power and

for different input tone combinations. The magnitudes of the two IM3 components are completely identical

when the two input tones are in-band, as shown in Fig. 5.12(a) and 5.12(b). Even when the tones are just outside

the bandwidth of the TIA, the IM3 components show good symmetry (as shown in Fig. 5.12(c)). However,

as the tones move further away from the TIA-bandwidth, some IM3 mismatch starts to appear, as shown in

Fig. 5.12(d). When the two input tones are within the bandwidth of the system, the even-order terms go through

identical responses, and good symmetry can be observed between the higher (2f2 − f1) and lower (2f1 − f2)

IM3 components [86]. However, when the input tones are out-of-band, the different even-order terms experience

80

TH-2653_146102003



5.4 Receiver design

different amplitude and phase responses, eventually leading to the asymmetry in the IM3 components [86]. This

asymmetry becomes larger as the offset between the two input tones increases [86].

5.4 Receiver design

5.4.1 Design of Non-overlapping Clock Generator

An on-chip clock divider and a set of combinational logic circuits are used to generate the four non-

overlapping clock signals p1 − p4. Fig. 5.13(a) shows the gate-level schematic of the non-overlapping clock

generator. An external clock signal is converted to a differential clock using an off-chip splitter (SYPJ-2-33+)

and then fed to the non-overlapping clock generating circuit.
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Figure 5.13: Schematic of the non-overlapping clock generator.
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The first stage of the non-overlapping clock generator is a shunt-feedback LNA that provides a broadband

input match. The high-frequency clock (at 2fLO) is then converted to a square wave using a chain of invert-

ers (I2 − I5) and fed to the divide-by-two circuit. The frequency divider consists of two back-to-back connected

D-latches, as shown in Fig. 5.13(a). The output of the divide-by-two circuit is a set of four 50% duty-cycled

clocks at fLO: E, F , G, and H . These 50% duty-cycled clocks (E, F , G, and H) are combined with the

2fLO clocks to generate the non-overlapping 25% duty-cycled clocks at fLO. A set of inverters (I9 − I10) is

used at each output of the non-overlapping clock generator to drive the mixer switches. Fig. 5.13(b) shows the

transistor-level schematics of the D-latch, AND-gate, and the inverter. The dimensions of the pMOS and nMOS

transistors used in all the inverters are mentioned in Fig. 5.13(c). A channel length of 180 nm is chosen for all

the transistors used to implement the non-overlapping clock generator.

5.4.2 Mixer design

Switches of the mixer are realized using nMOS transistors. Separate biasing is applied at the gates of the

nMOS transistors using a resistor of 11 kΩ and a capacitor of 3.3 pF, as shown in Fig. 5.3. The gate biasing

helps to overcome the DC offset present at the source nodes of mixer-switches. The size of the switches poses a

trade-off between the dynamic power consumption and the noise figure of the receiver. The IIP3 of the receiver

is also a strong function of the switch width below a threshold value. Fig. 5.14 shows the variation of noise figure

and input third-order intercept point (IIP3) of the mixer switches with varying gate-width in 180 nm CMOS

process. Ideal TIAs are used in this simulation. A size of 120µm/0.18µm is chosen for the nMOS transistors in

this implementation. From Fig. 5.14, the theoretical bounds defined by the mixer are NF≥ 1.9 dB and an IIP3 of

≤ +18 dBm. Each mixer switch is followed by a shunt capacitor (Csh) of 9 pF in the current implementation.
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Figure 5.14: Simulated noise figure and IIP3 of the mixer switches with varying gate-width for a channel length of
180 nm.
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5.4.3 Baseband TIA design

The baseband TIA is the only block that consumes the static power in a mixer-first receiver. Since the

objective of the current work is to design a low-power mixer-first receiver, the TIA is optimized for the smallest

power consumption possible. For 50 Ω impedance matching at the RF input, we need a transconductance of

≈ 1.14 mf per transistor (g1 = 2.28 mf) in the TIA. The bias network (as shown in Fig. 4.3(a)) of the TIA is

implemented using a resistor (Rc) of 20 kΩ and a capacitor (Cc) of 20 pF. The drain nodes of the MOS transistors

are terminated with load resistances (RL) of 4.1 kΩ. The pMOS and nMOS drain voltages are combined using

two output capacitors (Co) of 23 pF.
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Figure 5.15: Simulated (a) transconductance, (b) second-order distortion coefficients and (c) third-order distortion
coefficients of the pMOS and nMOS transistors with varying gate-to-source voltage. Selected transistor dimensions are:
(W/L)n = 30µm/0.5µm = 60, (W/L)p = 88.5µm/0.5µm = 177.

The dimensions and the biasing voltages of the transistors are chosen to optimize the linearity. In this design,

nMOS transistors of (W/L)n = 30µm/0.5µm and pMOS transistors of (W/L)p = 88.5µm/0.5µm are used.

Fig. 5.15(a), 5.15(b), and 5.15(c) show the first-order, second-order, and third-order transconductances of the
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Figure 5.16: Variation of g′′m-zero-crossing gate-to-source voltage and threshold voltage of an (a) nMOS, (b) pMOS
transistor with channel length. (W/L)n = 60 and (W/L)p = 177 is used in these simulations.

nMOS and pMOS transistors used in this design. For best linearity, one has to operate the nMOS and pMOS

transistors at bias voltages, which results in g′′mn ≈ g′′mp ≈ 0. One also has to ensure g′mn ≈ g′mp to mitigate the

second-order interaction induced third-order nonlinearity. From Fig. 5.15, the optimum gate-to-source voltages

are found to be ≈ 555 mV for nMOS and ≈ 563 mV for pMOS transistors.

The optimum gate-to-source voltage for best linearity also depends on the channel length of the transistors.

Let, Vzc,n and Vzc,p represent the g′′m-zero-crossing gate-to-source voltage of the nMOS and pMOS transistor,

respectively. Fig. 5.16(a), 5.16(b) shows the typical variations of g′′m-zero-crossing voltage and threshold voltage

with varying channel length. From Fig. 5.16, it can be observed that Vzc,n (or Vzc,p) is lower than the threshold

voltage VTh,n (or VTh,p) for small channel length devices. Therefore, one has to operate the transistors in sub-

threshold in small channel-length designs for the linearization technique to be effective. In general, sub-threshold

operation leads to reduced bandwidth and increased noise. As a result, the implementation of the employed

linearization technique in advanced technology nodes while maintaining the required bandwidth and noise

performance is a challenging task. In the present implementation, 0.5 µm channel length is chosen to avoid

sub-threshold operation, and also to reduce the flicker noise.

In the proposed TIA, one can set Vgs,n ≈ 555 mV and Vsg,p ≈ 563 mV by different combinations of Vbn

and Vbp values. Fig. 5.17(a) shows the variation of TIA IIP3 with bias voltages Vbn and Vbp. In the present

implementation, we have chosen Vbn = 1.45 V, and Vbp = 0.33 V. Fig. 5.17(b) and 5.17(c) show the IIP3

variation at extreme PVT corners. From Fig. 5.17, the TIA can achieve high linearity performance at any given

PVT condition subject to the proper selection of the bias voltages. The automatic setting of bias voltages for

high IIP3 requires further research and is not explored in this work.
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Figure 5.17: Simulated IIP3 of the proposed TIA with varying bias voltages Vbp and Vbn at the following three PVT
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Figure 5.18: Variation of TIA IIP3 from Monte-Carlo simulation.

Fig. 5.18 shows the distribution of TIA IIP3 under the statistical variation of process and device mismatches.

The obtained samples have a statistical mean of 8.74 dBm with a standard deviation (σ) of 2.66 dBm. Around

64.2% of the total samples lie within ± 1σ of the mean value.

5.5 Measurement results

A prototype receiver is implemented in a standard 180 nm CMOS technology. The chip is enclosed in a

56-pin QFN package and mounted on an FR-4 PCB for testing. The testing PCB and the chip micrograph is

shown in Fig. 5.19(a) and 5.19(b), respectively. Fig. 5.20 shows the receiver test-setup with various measuring

instruments. All bias voltages (for switches and transconductors) are supplied externally. If not mentioned

otherwise, the following TIA bias voltages are used in all the measurements: Vbn = 1.45 V and Vbp = 0.33 V.
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Figure 5.19: Photographs of the (a) testing board and (b) chip. (c) Component values used in the implementation of the
mixer-first receiver.
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Figure 5.20: Receiver test-setup with various measuring instruments.

The component values used in the implementation are shown in Fig. 5.19(c).

The receiver is tunable from 0.3 GHz to 1.3 GHz. Depending on the frequency of operation, the clock

path consumes 21.6-75 mA of current from a 1.8 V supply voltage. Each baseband TIA consumes around

188.9 µA from a 1.8 V power supply resulting in a 0.68 mW of power consumption for the receiver (Rx). The

non-overlapping clock generator consumes ≈ 100 mW/GHz from a 1.8 V supply voltage. Table 5.1 shows the

dynamic power distribution of the non-overlapping clock generator at 1 GHz.
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Table 5.1: Dynamic power distribution of the clock generator at 1 GHz

Block Power (mW)
Input buffers 44.6
divide-by-two 13

Combinational logic 14.7
Output drivers 27.7

Total 100
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Figure 5.21: Measured |S11| plot of the receiver at different LO frequencies.

Fig. 5.21 shows the measured |S11| of the receiver. The receiver has an |S11| < −15 dB and a conversion

gain greater than 20 dB over the frequency range 0.3-to-1.3 GHz. Fig. 5.22 shows the measured conversion

gain and noise figure of the receiver at 1 GHz LO with varying IF frequency. The measured BB bandwidth

is ≈ 10 MHz. The designed receiver has an almost flat noise figure for > 3 MHz IF frequency. The measured

conversion gain and NF of the receiver at different LO frequencies are shown in Fig. 5.23. The measured NF

varies from 5.7 dB to 6.3 dB over the LO frequency range 0.3-to-1.3 GHz for an IF frequency of 4 MHz. Fig. 5.24

shows the simulated NF of the receiver at 1 GHz LO frequency in the presence of a blocker at two different

offset frequencies: ∆f/BW = 5 and ∆f/BW = 10. Fig. 5.25(a) and 5.25(b) show the measured receiver gain

with varying bias voltage Vbp and Vbn, respectively.

The imbalance between the in-phase (I) and the quadrature-phase (Q) output paths are characterized using the

test setup shown in Fig. 5.26(a). The gain and phase mismatches are estimated from the time-domain waveforms

of the output signals using an oscilloscope. Fig. 5.26(b) shows the four output signals (I+, I−, Q+, Q−)

when the LO is at 500 MHz, and the RF input is at 498 MHz. For 500 MHz LO, the measured gain

and phase errors are ≈ 0.1 dB and ≈ 3.6◦, respectively, which leads to an estimated image rejection of

≈ 30 dB [12]. Fig. 5.27(a) and 5.27(b) show the measured I/Q gain and phase errors at different LO frequencies,

respectively. Between 0.4-1.1 GHz, the gain error is ≤0.5 dB, and the phase error is ≤ 5.5◦. The current
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Figure 5.22: Measured conversion gain and noise figure of the receiver at 1 GHz LO with varying IF frequency.
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Figure 5.23: Measured conversion gain and noise figure of the receiver at different LO frequencies.
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Figure 5.24: Simulated noise figure of the receiver at 1 GHz LO frequency in the presence of a blocker.
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Figure 5.26: (a) Photograph of the test setup for the measurement of I/Q gain and phase errors. (b) The four output
waveforms (I+, I−, Q+, Q−) for −23 dBm 498 MHz RF input with 500 MHz LO.
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Figure 5.27: Measured I/Q (a) gain error and (b) phase error of the receiver at different LO frequencies.

implementation of the receiver does not have an I/Q calibration circuitry, which, if present, can reduce the I/Q

mismatches.
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Figure 5.28: Measured IB-IIP3 of the receiver at different LO frequencies.
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Figure 5.29: Measured IB-IIP3 of the receiver at 1 GHz LO frequency with varying TIA bias voltage (a) Vbp and (b) Vbn.

Fig. 5.28 shows the measured IB-IIP3 of the receiver at different LO frequencies. The receiver has

≈ +7.2 dBm measured IB-IIP3 at 1 GHz LO frequency. Bias voltages of the baseband TIA play an important

role in the obtained IIP3 of the receiver. Fig. 5.29(a) and 5.29(b) show the measured IB-IIP3 of the receiver

with varying Vbp and Vbn, respectively. Out-of-band (OOB) IIP3 measurements are carried out using two tones

at f1 = fLO −∆f and f2 = fLO − 2∆f + 1 MHz, where fLO is the LO frequency and ∆f is the frequency

offset from the LO frequency. The receiver has an OOB-IIP3 of 4.5 dBm at an offset of twice the bandwidth.

Fig. 5.30(a) shows the measured OOB-IIP3 of the receiver at 1 GHz LO frequency for varying ∆f/BW .

Similarly, OOB-IIP3 points are measured at various LO frequencies for a fixed frequency offset ∆f/BW = 2.

Fig. 5.30(b) shows the variation of OOB-IIP3 across the LO frequency range (for a ∆f/BW = 2).

Table 5.2 shows a comparison of this work with different mixer-first receivers reported in the literature. The

IB-IIP3 of the proposed receiver is on par with the high-linearity mixer-first receivers and much better than the
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Figure 5.30: (a) Measured OOB-IIP3 of the receiver for varying ∆f/BW at 1 GHz LO frequency. (b) Measured
OOB-IIP3 of the receiver at different LO frequencies for ∆f/BW = 2.

low-power mixer-first receivers or noise-canceling mixer-first receivers. The clock power consumption of the

proposed receiver is slightly on a higher side, but can be significantly reduced if implemented in an advanced

CMOS process (because of reduced parasitic capacitances in an advanced CMOS process). Although [31, 109]

achieve a better noise figure by employing the RF noise-canceling technique, their Rx power consumption is

much higher than the proposed work. The proposed receiver has achieved a wider frequency tuning range with

similar noise performance as compared to recent discrete-time mixer-first receivers [112, 113]. Overall, the

implemented mixer-first receiver achieved a good in-band SFDR while consuming the lowest Rx power.
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5.6 Summary

5.6 Summary

This chapter has demonstrated a four-phase passive mixer-first receiver with a low-power complementary

common-gate TIA. The TIA is designed to exploit a complementary linearization technique without any

additional power consumption. The receiver presented in this work has achieved an NF of 5.8 dB and an IB-IIP3

of +7.2 dBm with the lowest power consumption of 0.68 mW for baseband circuitry. Overall, the receiver

achieved a measured IB-SFDR of 76.9 dB at 1 GHz.
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6. Conclusion and Future Scope

6.1 Summary and conclusion

This thesis investigated noise and linearity improvement techniques for low-power LNAs and receivers. A

generic theory that can explain the operation of various noise-canceling circuits in the literature was proposed.

The proposed generic theory unifies the analysis of existing noise-canceling circuits and highlights a few key

insights into their operation [127]. The proposed theoretical claims were validated using circuit-level simulations.

A systematic methodology was developed in this thesis for generating new flicker and thermal noise-canceling

circuits. The proposed systematic method was used to design noise-canceling amplifiers and buffers with high

input impedance [148]. A low-power partial noise-canceling complementary common-gate (CCG) LNA was

also developed using the proposed method. The LNA was designed to achieve high IIP3 using a complementary

linearization technique. For the linearization technique to be effective, the complementary transistors need to be

properly biased. The same LNA was employed as the baseband trans-impedance amplifier (TIA) of a passive

mixer-first receiver achieving high in-band linearity at low power levels. Prototypes of both the LNA and the

mixer-first receiver were implemented in a standard 180 nm CMOS technology. The performance parameters of

the designed LNA and the mixer-first receiver [149] were measured and compared with other relevant works in

the literature.

Even though the LNA had high IIP3, it suffered from a poor 1-dB compression point. This is because the

g′′m values of complementary transistors deviate from their nominal values at high input power levels. Further,

the optimal bias voltages required for high linearity vary with PVT. A negative feedback-based automatic

optimal bias-setting scheme, if developed, is useful in maintaining the high linearity at various corners. In the

proposed complementary CG LNA, it is not possible to achieve simultaneous low-NF and high-IIP3. Even

though the dynamic power consumption of the prototype receiver is high, it can be reduced using low-power

non-overlapping clock generation circuitry presented in [150]. Overall, it is the opinion of the author that one

should use noise cancellation only to break the trade-off between NF and any other parameter of interest. In a

noise-canceling LNA/receiver, the design of the main path is governed by the input matching condition while the

auxiliary path is typically designed to have significantly lower noise than the main path. If not for satisfying the

input matching criterion, one could use just the auxiliary stage as a stand-alone amplifier and still have similar

noise performance as the noise-canceling amplifier.

6.2 Scope of future work

The study presented in this dissertation leads to several directions for future research.
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6.2 Scope of future work

• There are many recent reports on thermal noise-canceling phase-locked loop (PLL) [151–153] and analog-

to-digital converter (ADC) [154, 155]. Whether or not the generic feedback-feedforward model proposed

in this thesis helps analyze these NC PLLs and ADCs, needs further investigation.

• This thesis has explored architectures of noise-canceling amplifiers and buffers with high input impedance.

However, another potential application of the NC technique is in the design of active filters [156]. Active

inductors have been employed in the design of active filters in [157–159]. The work presented in [160]

canceled the noise of an active inductor employed at the input of an LNA to achieve low noise operation

with a reduced area. Application of the noise-canceling technique in active filter design is a potential

research area for the future.

• Output buffers are required in many applications either to drive low-resistive load or to connect to

measuring instruments. Many a time, these output buffers are required to have 50 Ω output impedance

and low noise performance. So, a noise-canceling output buffer that breaks the trade-off between output

impedance and NF is a future research direction.

• Clock-speed and current consumption of today’s high-performance processing units continues to rise,

resulting in increased power supply noise (PSN). With supply voltages being reduced, even minor fluc-

tuations in supply can deteriorate the signal quality. Consequently, preserving the signal and power

integrity in a high-speed, low-power system has become a major challenge [161]. One of the repre-

sentative metrics of signal quality degradation due to the power supply noise is power supply induced

jitter (PSIJ) [162–164]. PSIJ is typically classified as a deterministic jitter, and in such cases, the amplifier

typically acts as a CG topology. Noise-canceling technique may be useful in removing PSIJ in high-speed

digital circuits such as PLL, analog-to-digital converter (ADC), serializer/deserializer (SerDes) and clock

data recovery (CDR) circuits etc. Future research can be carried out in this direction.
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