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ABSTRACT

Ren, Jianfeng. Ph.D., Department of Electrical Engineering, Wright State University,
2022. “CMOS Wide Tuning Gilbert Mixer with Controllable IF Bandwidth in
Upcoming RF Front End for Multi-Band Multi-Standard Applications”

The current global system for mobile communications, wireless local area,
Bluetooth, and ultra-wideband demands a multi-band/multi-standard RF front end that
can access all the available bandwidth specifications. Trade-offs occur between power
consumption, noise figure, and linearity in CMOS Gilbert mixer wide tuning designs.
Besides, it is preferable to have a constant IF bandwidth for different gain settings as
the bandwidth varies with the load impedance when an RF receiver is tuned to a higher
frequency. My dissertation consists of three parts. First, a tunable constant IF bandwidth
Gilbert mixer is introduced for multi-band standard wireless applications such as
802.11 a/b/g WLAN and 802.16a WMAN, followed by a design synthesis approach to
optimize the mixer to meet the design center frequency range, constant IF bandwidth,
and power. A synthesized Gilbert mixer with effective prototype inductors, designed in
180 nm CMOS process, is presented in this dissertation with the tunability of 200 MHz
IF, a constant IF bandwidth of 50 MHz, a conversion gain of 13.75 dB, a noise figure
of 2.9dB, 1-dB compression point of -15.19 dBm, IIP3 of -5.8 dBm, and a power of 9

mW. Next, mixer inductor loss and equivalent electronic circuit analysis are presented

il



to optimize the approach to offset center frequency and bandwidth inaccuracy due to
the inductance loss between the actual and ideal prototype inductor. The proposed
tunable Gilbert mixer simulations present a tunable IF of 177.8 MHz, an IF bandwidth
of 87.57 MHz, a conversion gain of 7.4 dB, a noise figure of 3.14 dB, 1-dB compression
point of -17.1 dBm, and IIP3 of -19.8 dBm. Last, a CMOS integrated wide frequency
span CMOS low noise amplifier is integrated with the tunable Gilbert mixer to achieve
a 27.68 dB conversion gain, a 3.47 dB low noise figure, -14.6 dBm 1-dB compression

point, and -18.6 dBm IIP3.
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Chapter 1: INTRODUCTION
1.1 RF Front End Receiver

The RF (radio frequency) communication system has become more critical in
recent years. With the development of RF technology, cell phones to base stations are
widely used in our daily lives. As a result, the communication industry reformed the
way of transmitting and receiving information. Meanwhile, more economical, reliable,
and efficient components are required and created during the increasing demand in the
competitive industry marketing. In addition, CMOS technology is widely used in RF
front-end systems because of its low power dissipation properties, compact size, and
very well device modeled.

The RF front end defines everything in a receiver between the antenna and the
intermediate frequency (IF) stage, and this includes the low noise amplifier (LNA),
Mixer and IF filter, and voltage controlled oscillator (VCO) [1], as shown in Fig.1.1.
The RF signals received at the antenna needed to be modulated to process into the
baseband analog-to-digital converter (ADC). The LNA is a particular type of
component to amplify a weak signal captured by the antenna and feed it to the RF port
of the mixer. An amplified RF input signal is mixed with the local oscillator (LO)
signal. The difference frequency between the RF input signal and the signal from the

LO output is referred to as the intermediate frequency (IF). The IF signal is also the



output signal of the entire RF front-end system, which is then converted to a digital

signal by an analog-to-digital converter (ADC). Finally, the bits of data are processed.

RF
Input
MIXER
' IF Statge
RF IF
Filter " Filter >
Local
Oscillator
Figure 1.1 Block diagram of RF front end
1.2 Mixer

1.2.1 Mixer Fundamental

The mixer is a critical RF front-end receiver device and performs frequency
translation. The function of an ideal mixer is to convert the RF input signal (incoming
signal after the LNA amplifies it) to output IF signal by mixing it with the LO signal

[2]. An ideal mixer symbol is shown in Fig.1.2.

Ideal Mixer

RF Signal IF Signal

Local Oscillator

Figure 1.2 The symbol of ideal mixer



The multiplication process in an ideal nonlinear mixer is expressed in the following

equations.

Signal a = A * sin (w;t)
Signal b = B * sin (w,t)
The equation of multiplying signal a and signal b will be:
a*b = A xsin(w;t) * B xsin(w,t) = A * B * sin(w;t) * sin(w,t)
Based on the trigonometric function:
sinx * siny = —% [cos(x + y) — cos(x —y)]
Where x =w;tand y = w,t,
axb= —% * [(cos(w;t) + cos(w,t)) — (cos(w;t) — cos(w,t))]

axb= —%* [cos(w; + wy) * t — cos(w; —w,) * t]

(1.1)

(1.2)

(1.3)

(1.4)

(1.5)

(1.6)

According to Eq.(1.6), the first frequency component cos(w; + w,) * t is the sum

of the RF and LO frequency, and the second frequency component cos(w; — w,) * t is

the difference between RF and LO frequency. Typically, only one signal will be

selected based on the selection of the mixing modulation. When the difference between

RF and LO and outputting a lower frequency than our input signals, the down-

conversion mixer is performed, as shown in Fig.1.3. However, when the sum of the RF

and LO frequency component is selected, this type of mixing is referred to as up

converting mixer as shown in Fig.1.4.



POWER
T
\]
2

Frequency

Figure 1.3 Down-conversion mixer representation

LO

\\ RF1 RF2

POWER

Frequency

Figure 1.4 Up-conversion mixer representation
1.2.2 Mixer Specifications
1. Gain:
A conversion gain (CG) can be described as the ratio (in dB) between the IF and
RF signal, which could be either voltage or power gain, usually the difference

frequency between the RF signal and LO signal.

Power Gain(dB) = 10log;, Towene (1.7)

Powergrp

Voltager

Voltage Gain(dB) = 20log (1.8)

10 Voltagerrp



2. Noise Figure:

The noise figure is a parameter by which the noise performance of a mixer can be
specified. It is used to evaluate the sensitivity of an RF front-end receiver system. The
lower value of the noise figure, the better performance. It is defined as the input (signal-

to-noise ratio) SNR ratio (in dB) to output SNR ratio (in dB).

Noise Figure (dB) = 10log;o(3 %) (1.9)
1IF

3. 1dB Compression Point:

1-dB compression point is one of the most important specifications for a mixer. It
is used to measure the linearity of a mixer. Linear devices produce a constant gain in a
specific frequency range. A linear slope is supposed to be observed in a graph of output
power versus input power. As the input power increases, the gain begins to curve at a
certain point, and the mixer goes into a compression zone with no other output
increasing. The gain gets flattened and becomes a non-linear device producing
distortion, harmonic, and intermodulation products. As shown in Fig.1.5, The red slope
is the theoretical linear slope, and the blue slope is the practical slope. If the gain
achieved 1dB reduced from the normal linear gain, that point is called the 1-dB
compression point. After the slope gets flattened, the output signal power does not
increase with the input signal power increases, which means the mixer starts to saturate.
A mixer with a high 1-dB power point will achieve high linearity. 1 dB compression
point is when the input power signal starts to change distortions. The mixer should

always be operated below the compression point.



Theoretical
Response

Actual

1 dB compression
Response

pont

Output Power (dBm)

0 Input Power (dBm) >

Figure 1.5 Definition of 1-dB compression point
4. Third-Order Intercept (IP3)

Linearity is the device produces an output directly proportional to its input. It is
typical for devices to operate linearly only over a specific input power range. For non-
linear devices like the mixer, the distortion and intermodulation product is created when
operating in the non-linear region. A harmonic signal is a copy of the fundamental
signal that appears as an integer multiple. For example, suppose a signal with 100MHz
(f1=100MHz) passes to a non-linear device. In that case, it will produce a set of
harmonics, including the first harmonic (f1=100MHz), the second harmonic
(f2=200MHz), and the third harmonic (f3=300MHz), the fourth harmonic
(f4=400MHz), and the fifth harmonic (f5=500MHz). Harmonic amplitudes usually

decrease as the harmonic order increases, as shown in Fig.1.6. However, harmonics are



undesirable.

> TT >

f1 f1 2f1 3f1 4f1 5f1

Figure 1.6 Example of harmonic sets
Unlike harmonic, which can be created by one input signal, in a nonlinear device,

intermodulation occurs when more than two signals are mixed. For example, when two

signals mix, the outputs contain the sum and difference frequencies, as shown in Fig.1.7.

If two input signals with f1=250MHz and f2=450MHz, two output intermodulation

frequencies will be generated with f1+f2=700 MHz and f2-f1=200MHz.

>

f1 f2 f2-f1 11 f2 f1+f2

Figure 1.7 Example of intermodulation
fl and f2 can be mixed with other harmonics, like 2f1 and 2f2. Additional
intermodulation products will also be created. In harmonics and intermodulation, the
order is determined by the sum of their coefficients.

For example, 2f1 is second order, f1+f2 is also second order, 3f1 is third

>



A 1st order (fundamentals)

2nd order (products)

f1 f2
A A 3rd order (products)

f2-f1
A f2+f1

2f1+f2  2f2+f1
2f1-f2 221 op | 20

3f1 3f2

i

Figure 1.8 Example of intermodulation and harmonics products

order, and 2f2-fl1 and 2f2+fl are both third order. Harmonics and intermodulation
produce undesirable signals because they can amplify noise and produce
intermodulation distortion in adjacent channels. Some higher-order harmonic and
intermodulation products can be ignored because they have very low amplitude and fall
outside bandwidth. Still, it will become difficult to deal with when harmonic and
intermodulation signals are very close in frequency to the desired signals, such as the
two 3rd order signals 2f1-f2 and 2f2-f1, as shown in Fig.1.8, which are difficult to filter
out because they are too close to the fundamentals (f1 and f2). In Fig.1.9, for every 1dB
increase in the fundamental (useful) signal (blue), the third-order (unwanted)
intermodulation signal (red) increases by 3dB. It would appear these two lines meet at
some point. The output power no longer increases linearly with input power at a certain
input power. The lines begin to curve as the device enters into compression. However,
if the two lines continue to be extended, two lines will meet at the third-order intercept

point. The third-order intercept point is commonly used to measure a mixer's linearity.



The higher the third-order intercept, the better the linearity and the lower level of

intermodulation distortion.
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Figure 1.9 Third-order intercept

1.3 Motivation

In a multi-band/multi-standard RF front-end system, a wide tuning Gilbert mixer
can be used to access all of the available bandwidth specifications. In CMOS Gilbert
mixer wide tuning designs, tradeoffs occur between power consumption, noise figure,
and linearity. The proposed tunable Gilbert mixer, with an effective prototype inductor
automated design synthesis approach, is used to design a tunable mixer meeting
specified requirements. An equivalent electronic circuit of the effective prototype
inductor is also introduced to reduce parasitic effects, allowing the proposed mixer to

meet the specified specifications.



1.4 Dissertation Organization

The dissertation is organized as follows. Chapter 1 introduced the background and
fundamentals of the mixer. Chapter 2 analyzes and compares different mixer designs
such as single-balanced mixer, double-balanced mixer, and tunable cell Gilbert mixer.
Chapter 3 presents the proposed tunable Gilbert mixer with effective prototype inductor.
Chapter 4 presents tunable mixer layout inductor loss and equivalent electronic circuit
analysis. Chapter 5 presents different low noise amplifiers and noise cancellation and
reduction technology. Chapter 6 presents a tunable Gilbert mixer integrated with a high-

gain, low-noise amplifier. Chapter 7 presents the conclusion and future work.
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Chapter 2: GILBERT MIXER ANALYSIS AND
COMPARISON

2.1 Single Balanced Gilbert Cell Mixer

Gilbert mixer is one of the most popular mixer designs in today’s industrial world.
It was invented by Howard Jones in 1963. The reason why Gilbert mixer is chosen is
that it provides good conversion gain. The balanced operation, port isolation, and
linearity at a low power consumption while maintaining a low noise figure. Due to the
above advantages, it is widely used in many communication applications in modulators,
phase detectors, and multipliers.

The single balanced Gilbert cell mixer has a differential LO signal but a single-
ended RF input signal. LO differential signals are applied to switch transistors to
combine with an RF input signal to generate an IF output signal. The design of a single

balanced Gilbert mixer is shown in Fig.2.1.

1_1
3
w
(=]
()
2
Y
v
M
T

] MO M1 .
Switching Stage —>» <l—|E 3|—‘> "
: VLON VLOP
= e '
Tansconductance ______ I RFIN ]
Stage 1 1
s = ]

VSS

Figure 2.1 Single-balanced mixer
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In Fig. 2.1, the single balanced Gilbert mixer consists of three stages
(transconductance, switching, and IF). The RFIN voltage signal is converted into a
current signal to enter transistor M, in the transconductance stage, while the LO signal
is separated into transistors My and M;. The current signal from the transconductance
stage is mixed with LO switching signal in the switching stage. The mixed output
current signal is converted to voltage via load resistors R; and R; in the IF stage. The
IF output waveform is shown in Fig.2.2.

Lo SR EFEFEFE
rRF AAAASAA

Figure 2.2 Single-balanced mixer waveform

2.2 Double Balanced Gilbert Cell Mixer

Fig.2.3 shows the double-balanced Gilbert cell mixer. The double-balanced mixer
is also known as the Gilbert cell mixer. The double-balanced mixer provides a higher
level of performance in RF applications than a single-balanced mixer. The RF and local
oscillator input signals are balanced using a differential structure. Additionally,
differential circuits are applied to their inputs to lower their output. Compared with the
conventional single-balanced mixer, the double-balanced mixer has better linearity and

isolation performance between all ports.

12
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IF Output ,
Stage

Stage I

Figure 2.3 Double-balanced mixer

A double-balanced Gilbert mixer comprises two single-balanced mixers with three
stages: the transconductance stage, the switching stage, and the IF output stage [1].
Differential RF input signals are received by transistors M, and Ms. The differential LO
signals are received by transistors My, M, M3, and My. Transistors My and My provide
the IF output stage. The current source, called Ibias, is used to set the current for the
mixer and bias the transistors to remain in the saturation region. In the transconductance
stage, different RF input (RF+ and RF-) voltage signals are converted to a current signal
by M; and Ms. Then, the current signal from the transconductance stage is mixed with
transistor My, M, M3, and M4 LO switching signals at the switching stage. The mixed
output current signal in the IF output stage is converted to a voltage signal by load

resistors Ry and R..
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2.3 Tunable Gilbert Cell Mixer

It is desirable to have a cost-effective Gilbert mixer cell that can be tuned to meet
the frequency band standards of various RF devices, which are being upgraded to
support future standards. For example, the conventional CMOS double-balanced
Gilbert mixer cell design has not been easily modified to operate in different frequency
bands within a wide frequency range and controllable bandwidth. A tunable Gilbert
mixer will be presented in this section to solve this problem. The type of mixer that
uses two tunable parallel RLC resonators to replace the load resistors in a double-

balanced Gilbert cell mixer.

VDD

S

R1 L1 C1 R2 L2 - C2

__”__

IF- «— —> IF+

§ Rs
MO M1 M3 M4

LO-

RF+ 4—{ }—) RF-
M2 M5

R3 R4

VSS

Figure 2.4 Schematic view of tunable Gilbert cell mixer
2.3.1 Tunable Gilbert Mixer Operation
According to Fig.2.4, the tunable Gilbert mixer mainly consists of an RLC parallel

resonator, a double-balanced Gilbert mixer cell, and a current source. RF signal (RF+,
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RF-) is applied to the differential pair transistors M, and Ms in the transconductance
stage to perform a voltage to current conversion, and Ids; and Idss are produced.
Transistors My, M, M3, and My operate in a switch stage. When the voltage at LO- is
large enough, My and My are turned on, and M, and M3 are turned off due to the small
voltage at LO+. As a result, My and My operate as closed switches, so R; is connected
to My, and R, is connected to M4. When LO+ is large enough in the next cycle, M; and
Mj3 are turned on.

Meanwhile, M, and M, are turned off due to small LO-. M; and M3 act as closed
switches, so R, is connected to M3, and R, is connected to M;. R; and R, are tunable
in the resonator to meet a specified bandwidth. Mg and M7 are combined to form a
current mirror circuit. Both operate in the saturation region and act as a current sink to
provide a constant current to the mixer. Following are the components of the tunable
Gilbert mixer.

2.3.2 Transconductance Stage

RF+ 4—‘ }——0 RF-
M2 M5

R3 R4

- W

Figure 2.5 Transconductance stage of tunable Gilbert mixer
RF+ and RF- are the input signals to the differential pair in the transconductance
stage. It is the first stage of the tunable Gilbert mixer which should have good linearity
to handle the power generated by the operational amplifier. The two transistors with the

RF terminals act as amplifiers, increasing the signal's gain before mixing [2]. Source
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generation resistors R3 and R4 can be adjusted to improve linearity or gain. The voltage

gain of the mixer with source degeneration is

Ry
2.1
- 1)

Gain=3*(
w

The gain is determined by gm is given by

’Z*k *Wox[
gm — n lz ds2 (2.2)

The M, and M5 should be biased towards working in the saturation region. Based
on Eq. (2.1), increase the width of M, and M3 while maintaining a minimum length to
increase the gain. The source degeneration resistors R3; and R4 will affect the system
output swing range.

2.3.3 Switching Stage

LO-

Figure 2.6 Switching stage of tunable Gilbert mixer

The LO signal value should be reasonable to guarantee that the switches (Mo, M3)
and (M, My) work properly. When the LO becomes too large, this leads transistors out
of the saturation region. For example, My, M3, M;, M4 should operate in the saturation

region to keep switching flawlessly. When the pair of My and M3 is on, it is best for the
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other pair M; and My to be entirely off. If two pairs are conducting switching

simultaneously, it will generate noise.

2.3.4 Current Mirror

=

Iref
Ids7

= I

£ VSS

Figure 2.7 Current sink of tunable Gilbert mixer

A current sink of the tunable Gilbert mixer is shown in Fig. 2.7. The current sink

consists of two transistors, Mg and M5, to perform by a current mirror. In the current

sink, Mg always operates in the saturation region because the drain is shorted to the gate

terminal.
Vase = Vgs6 > Vgsé —-Vr

Therefore, Mg operates in the saturation region.
1 w,
Ids6 = 2 * kn * L_: * (Vgs6 - VT)Z

I4s6 can be considered as reference current. Vpp supplies it through Rj.

_ _ VDD—Vye
Idsé - Iref - R3

Current 47 1S
kn

_ wy 2
Ids7 - * ; * (Vgs7 - VT)
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Because Vg6=V,s7, and assume threshold Vrare same. Combine Eq. (2.4) and (2.6).

Then,
wq
Igs _ L
?576 = We (2.7)
Le
Keep the length of all transistors identical, so
ldse wr
Jase — 17 2.8
las7 We 2.8)

The current Iy is controlled by I;46 = V}:;D and the width of transistor Ms. Igs6 is
3

proportional with W¢ because current mirror operation, which makes the current
independent of Vout [38].

2.3.5 RLC Resonator

R1 L1 —— Ct

Figure 2.8 RLC resonator of tunable Gilbert mixer
The parallel RLC circuits are used as the core structure for tuning Gilbert mixers
to meet specified center frequency and bandwidth. A resonator containing a resistor
(Ry), inductor (L;), and capacitor (C;), as shown in Fig. 2.8. For a parallel RLC circuit,

the resonance occurs at the highest impedance when Z; =Zc.

1
2 f*C1

Ze=2m*f*xL1= (2.9)

Then:

fz _ 1 _ 1
2mxL1x2T*C1 4m2%L1%C1

1 1
f= \l 4m2+L1+C1  2m+/L1C1 (2.11)
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inductive Capacitive
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<« —>
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frequency

Figure 2.9 Parallel RLC impedance
The bandwidth can be estimated as

1
BW =
2m*R1+C1

(2.12)

Av=Vout/vin

1.0 f--mmmmmmpmgommmmmmm e

0.707

A 4 . )

frequency

Figure 2.10 Bandwidth of RLC resonator
When X >X, the parallel RLC circuits perform an inductive function, and when
X<Xy, the parallel RLC circuits perform a capacitive function. At the resonance, the

impedance (Z) achieves the maximum (R). Fig. 2.9 shows the relationship between
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impedance and frequency for a parallel RLC circuit. Fig. 2.10 shows the bandwidth of

the parallel RLC circuit.
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Chapter 3: PROPOSED TUNABLE GILBERT MIXER

WITH EFFECTIVE PROTOTYPE INDUCTOR

3.1 The Proposed Tunable Gilbert Mixer
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Figure 3.1 Proposed tunable Gilbert mixer
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3.1.1 DC Simulation for Power Specified

The short channel equations of the proposed tunable Gilbert mixer design

1 w
Idsn = 2 * Knshort * T * (Vgs - thshort)z(l + knshort * Vds) (3-1)

The corresponding transconductance

Im = \/2 * B Igs * (14 AyshoreVas) (3.2)

Based upon Eq .(3.1) and Eq .(3.2), then

2*lgg

- (3.3)
To find the width of the transistor (My-M>), all transistor widths are initially set as
minimum width We=W=W,=W3=W,=W:=0.22um, W=0.22um and assume W is
initially set 10 times of Ws, W7=10*W4=2.2um. All transistor lengths are initially set
as minimum length L=180nm. The Vot is 0.55v in the 180nm CMOS technology
considering the short channel effect. The Kyshort 1s the CMOS process factor, and Anshort
is the channel length modulation parameter. To estimate Kyshort and Anshorts Viias=1.1V
of M, is selected with transistor width W,=0.22um. From the l4 verse Vg5 of
Transistor M,, two operating points Vgp=1V, V»=3449mV and Vu=1.5V,
V»=35.3462mV are substituted into Eq. (3.1) to constitute two equations to calculate
Koshort and Apshort. For example, When Vy;,s=1.1V, the corresponding I4,=64.4uA @
V=1V, Vu=34.49mV and [4=67.4466uA @ Vu=1.5V, V=35.3462mV. The
calculated Kushor= 317uA/V?, and  Angnor=0.127. Substitute the Is=60.84uA,
Vbias=Ve=1.1V, V2=33.504mV and Vinshore =0.55V into Eq .(3.3), get gm =2.3 56%10™.

Substitute Anshort 0.127; Knshor= 317uA/V?; 1455=60.84uA; V1,=0.641499V;

V=33.504mV gy, =2.356*10 into Eq .(3.4)
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w02
W, = L*0im = 24um. (3.4)

2xKnshort*ldsz*(1+ Anshort*Vds2)

Using Wo=W =W,=W3=W,=Ws=24um to estimate new Kysnort and Anshort to find the
width of the transistor (My-Ms) works in the saturation region. Finally, W»=132um.
Find the width of Mg and M5 to limit Power to < 9 mW. Ky sort and Agshort Of Mg are
selected with transistor width W7;=2.2um and W¢=0.22um. From the I4s7 verse V457 of
Transistor M7, two points V47=1V and V4=1.5V, are substituted into Eq. (3.1) to
constitute two equations to calculate Kyshort and Apshort. When Viips=1.1V, the
corresponding I47=1.01565mA @ V4s7=1V and 1457=1.05193mA @ V4s7=1.5V. Kyshor=
471uA/V?, and  Anehon=0.08. Substitute the I47=853.766uA, V=156V, and
Vinshor=0.55V into Eq .(3.3), get g, =0.00169.

Substitute Anghor=0.08; Ksnor= 47 1uA/V?; 1457=853.766uA; V4=0.409V; g,=0.00169
into Eq .(3.2).

xg2 .
w, = L*9im Finally, W7= 61um. W¢= 6.1um.

2xKnshort*lds7*(1+Anshort*Vds7)

Set Wi=W =Wo,=W;3=W,=W5=132um, W7=61um, W=6.1lum. After DC simulation,
Iss7=5.1mA if I46=0.56mA. Therefore, Iiwl=5.1mA+0.56mA=5.66mA, so
PW=liot1*Vpp=5.66 mA * 1.8 V=10.188 mW >9 mW. W, and W will be adjusted to
meet the DC power requirement in the following pseudocode.

3.1.2 Theoretical Analysis for Bandwidth Specified

Tunable Gilbert mixer operates at a constant IF bandwidth of S0OMHz. Assume the
conversion gain is 2. In this design, R;=Rs=45 Q

Then,

2*R1
#(Ry +-)
am

CG = (3.5)
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Substitute the [4=2.5675mA, Vg2=0.7V, and Vinsnor=0.55V into Eq .(3.3), get gm
=0.034.
Substitute g, =0.034 into Eq.(3.5), get R;=233.6 Q .

The bandwidth can be calculated as

BW=— = 50MHz (3.6)

2*7T*R1*C1

_ 1
2xT*R{*BW

Cl == CZ == 13.6pF (3.7)

3.1.3 Theoretical Analysis for Center Frequency Specified

The center frequency is given by

1
feenter = 57—~ = 200MHz (3.8)

2e10x(Ly*Cy) 2

Resonator L;-s and L,-s can be calculated by the following equation. L is less than

14.25 nH in 180 nm CMOS PDK.

Ly=———— = 46.6nH (3.9)

0™ (2smef)2xC1
3.2 Pseudocode for Power Simulation
The following pseudocodes illustrate the tuning flow of the proposed Gilbert
mixer to achieve the specified center frequency (fc=200MHz) and maintain a specified

constant bandwidth (BW=50MHz).

Given: Mixer (Fig.3.1) with NMOS (W, to W5), inductors (L;, L,), capacitors (Cj,
Cy), resistor (Ry, Ry), Current(I4s2, las7), and power requirement (pw0)

Input: Vinn and Vinp

Objective: Mixer to meet the power requirement, the specified center frequency, and

the bandwidth
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Output: NMOS (W, to W>) sizes, inductors (L;s, Las), capacitors (C;, Cy), resistor

(Ry, Ry) values

Design approach: //Mixer meets the specified power requirement//

10:

11:

Specify power requirement (pw0);

Calculate 45, and 457 by pwO;

. . *] *L
Set width of transistor My,M,M»,M3,M4, M5 values by W, = 2+lgso*Ly ;
kn * (Vgso_VT)

2#l¢otal*ly

Set Wy =—————;
! kn * (Vgs7_VT)2

Set W =0.1* W;
Run DC simulation to find pw;
While (pw >= pw0)
W7=0.9* W7; W=0.9% W;
Run DC simulation to find pw;
End While; //Mixer meets the power requirement

Go to AC simulation

AC simulation: //Design flow to achieve center frequency (fc) and bandwidth (BW)

requirement//

l: Specity fc0 and BWO;
o CGHx(Rs+——)

2:  Set initial Ry, R, by fg ;
. 1

3: Set initial C;, C, by m ;
. 1

4: Set initial L;», Lo>s by Gometrect

5: Run AC simulation; //find fc and BW

25



6:  while |fc - fcO|/ fc0 > 0.03 then //Macro adjustment of fc

7:  if fc < fc0 then //fc is on left of fcO

8: L:=0.99%L;

9: else //fc is on the right of fc0

10:  Lp=1.01*Ly;

11: end if;

12:  Run AC simulation; //find fc and BW

13:  end while; //End of Macro adjustment of fc

14:  while ( |fc - fc0| / fc0 > 0.007 ) or (| BW — BWO0|/ BWO0 > 0.02 ) then
//Macro adjustment of BW; micro adjustment of fc

15:  if fc < fc0 then //fc is on left of fcO

16:  C=0.995*C;;

17: else //fc is on the right of fcO

18:  Ci=1.005*C;;

19: end if;

20:  Run AC simulation; //find fc and BW

21: end while; //Mixer meets the center frequency (fc0); End of macro adjustment

of BW

22:  while (|BW -BWO0|/ BW0 > 0.002) then //Micro adjustment of BW

23:  if BW <BWO0 then

24:  R;=0.995*R;;

25:  else
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26: Ri=1.005*Ry;

27  end if;

28: Run AC simulation; //find fc and BW

29: end while; /Mixer meets the bandwidth (BWO0);
3.3 Simulation Results

3.3.1 DC Simulation of Power Specification
Name V1

MWiss7 @ 4.52667mA
W isss @ 430.698uA 514

TR
--------
wut
st
v ®

1 (mA)

Figure 3.2 DC simulation of the proposed Gilbert mixer
Fig.3.2 shows the DC simulation result for the proposed tuning Gilbert mixer.
I4s7=4.52 mA (red), and I456=0.1%* 1457 =0.43mA(blue), so the total current Iy, =4.95mA
when Vbias =1.1V. As a result, pw0 =Vpp*liw=8.91mW, which meets the power

specification of 9ImW.
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3.3.2 AC Simulation of Center Frequency and Bandwidth Specification

[ @ 150

1405 M4: 199.526MHz 13.7557dB

1054 R
g
21003 Mo: 175.997MHz 10.7557dB
53
9 x:52.6559MHz dy:0.0dB 5:0.0dB/Hz

M5: 228.653MHz 10.7557dB

8.275

1080 108 loxm 1085 10" 1051:‘\ loﬂ: wil"» 10%2 lOR.‘.‘? wn:i 10°

1051 109 325 IOS 35 105 s 105‘ IORQ; 10'1 s 10G 475 1052 loﬁ 525 lOSQ? lo&?'; lOSn
freq (Hz)

Figure 3.3 Center frequency and bandwidth of proposed Gilbert mixer
Fig.3.3 presents the output IF frequency (200MHz) and bandwidth (50MHz)
simulation results for the proposed tuning Gilbert mixer. The output IF frequency
fc=199.5 MHz and bandwidth BW=52.6MHz match the design specification. Fig. 3.4
shows the noise figure of the proposed tuning Gilbert mixer. The noise figure is 2.89dB
at IF output frequency 199.5 MHz. Fig. 3.5 shows the 1-dB compression point of the
proposed tuning Gilbert mixer. The 1-dB compression point is -15.191 dBm. Fig. 3.6

shows the IP3 value of the proposed tuning Gilbert mixer. The IP3 is -5.8 dBm.
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3.3.3 Noise Figure

Noise Response

Name

M oise figure @

9.0
8.0
7.0
6.0

5.0

4.0
M2: 199.526MHz 2.896157dB

3.0

2.0

dB (dB)
TTTETT TR ETITY FRTTREET] FETETRNTE FRRETTETY [NTETETE FNRETETET TR ETTT FNTeT

R o o I s e o LR REEEm e s e
50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0 450.0 500.0
freq (MHz)

Figure 3.4 NF performance of the proposed Gilbert mixer

3.3.4 1-dB Compression Point

Periodic Steady State Response

Name

B compressionCurves. 325

225 -
20.0 -
17.5 =

15.0 -

125
Input Referred 1dB Compression = -15.191

10.0

Power (dBm)

Port = "/PORT1"

1st Order freq = 200M

T T T T T T T T T T T T T T T T T 1
300 280 -260 -240 -220 -200 -180 -160 -140 -120 -100 80 60 40 20 00 20 40 60 80 100
prf (dBm)

Figure 3.5 1-dB compression point performance of the proposed Gilbert mixer
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3.3.5 Third-order Intercept Point (IP3)

Periodic AC Response

Name trace

ipnCurves

5
[T @ adorder 300

pnCurves
pnCurves @ 1st Order
20.0 =

Power (dBm)

Port = "/PORT1"

1dB/dB,
-100.0

-110.0 3rd Order freq = 210M
-120.0
-130.0
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-140.0
-150.0
-160.0

-170.0

ARy L L Ly L e Ly e L L) S s L S L L s
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prf (dBm)

Figure 3.6 IP3 of the proposed Gilbert mixer
3.4 Gilbert Mixer Performance of Past Works

Table 3.1 Summary of Tunable Gilbert Mixer with IF (0.1GHz-1.1GHz)

RF LO IF BW Gain NF 1-dB 11P3
(GHz) (GHz) (MHz) (MHz) (dB) Compression
1.1 2 895.3 50.02 8.7 3.7 -13.43 1.06
1.2 2 796.3 50.01 10.5 3.46 -13.29 -5.9
1.3 2 703.9 50.04 11.2 4.02 -13.05 1.09
1.4 2 602.6 50.01 12.2 3.81 -12.59 -4.27
1.5 2 501.2 50.09 12.3 4.1 -12.15 0.98
1.6 2 398.1 50.02 13.7 4.1 -11.3 0.44
1.7 2 301.9 50.08 14.2 4.5 -10.66 0.25
1.8 2 199.53 50.04 143 3.96 -10.79 -3.41
1.9 2 100 50.01 9.3 4.47 -10.66 -3.07
2.1 2 100 50.01 9.7 4.5 -10.66 -4.71
2.2 2 199.53 50.04 14.7 3.95 -10.88 -5.02
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2.3 2 301.9 50.08 14.2 4.01 -10.76 -4.59
2.4 2 398.1 50.02 13.6 3.98 -11.3 -4.72
2.5 2 501.2 50.09 13 4.21 -12.13 -5.1
2.6 2 602.6 50.01 12.8 3.68 -12.5 -4.6
2.7 2 703.9 50.04 11.6 431 -13 -5.4
2.8 2 796.3 50.01 10.5 3.87 -13.32 -5.2
2.9 2 895.3 50.02 9.5 3.56 -13.46 -6.7
3 2 1000 50.01 9.2 3.96 -13.38 -7

3.1 2 1096 50 8.7 3.82 -13.52 -7.2

Table 3.1 shows the performance of a tunable Gilbert mixer designed in 180
nanometer CMOS process in transistor schematics, achieving a wide tuning range from
1.1 to 3.1 GHz and keeping constant IF bandwidth at 50 MHz. It reaches a low noise
figure from 3.46 to 4.47 dB, a power of 9 mW, conversion gain from 8.7 to 14.7 dB,
and a 1-dB compression point from -10.66 to -13.52 and IIP3 from 1.06 to -8.8 dB.
3.5 Comparison of Proposed Tuning Gilbert Mixer with Previous Mixer Works

Table 3.2 compares the performance of the proposed Gilbert mixer, schematics
and effective prototype, and other works [3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18]. A
low-power, high-linearity, and high-gain 2.4 GHz RF down conversion Gilbert mixer
was introduced in [3], but its noise figure was very high (15 dB). In [4], given a fixed
RF and IF, body biasing was introduced to improve linearity and noise figure (8.2dB).
A low-power, good linearity common gate Gilbert down-conversion mixer was
presented [5], but its noise figure was high (12.87 dB), and conversion gain was low (2
dB). A resistively degenerated wideband passive mixer was presented [6], which had a

noise figure (7.7-9.5 dB) within a tuning RF frequency span (1.5-2.3 GHz). A cross-
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coupled Gilbert mixer was presented [7] to cover a wideband RF (1-10 GHz), but its
noise figure was high (11.3-15 dB). A self-biased mixer in CMOS 0.18um for an ultra-
wideband receiver was presented [8], which covers a wideband RF (1-6 GHz), but its
noise figure was high (12-18 dB). A CMOS down-conversion mixer was presented [9],
which covers a wideband RF (0.9-10.6 GHz), but its noise figure was high (13.1-13.8
dB). In [10], an improved double-balanced CMOS Gilbert mixer is presented with high
linearity and gain but with a high noise figure (14.5 dB).

The tunable Gilbert mixer schematic design was verified in a wide tuning range
from 1.1 to 3.1 GHz, keeping relatively constant IF bandwidth at 50 MHz. It achieves
a low noise figure from 3.46 to 4.47 dB, a power of 9 mW, a conversion gain from 8.7
to 14.7 dB, 1-dB compression point from -10.66 to -13.52 dB, and IIP3 from 1.06 to -
8.8 dB. A synthesized Gilbert mixer with effective prototype inductors, designed in 180
nanometer CMOS process, is presented with the tunability of 200 MHz IF, a constant IF
bandwidth of 50 MHz, a conversion gain of 13.75 dB, a noise figure of 2.89 dB, 1-dB
compression point of -15.19 dBm, IIP3 of -5.8 dBm, and a power of 9 mW.

Table 3.2 Comparison of the Proposed Tuning Gilbert Mixer with Previous Mixer

Works
[3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Mixer Effective
Schema | Prototype
tics
CMO 180 130 180 180 130 180 250 180 350 180 180 180
S
(nm)
VDD 1.8 1.2 1.8 1.8 1.2 1.8 1.8 1.8 1.2 1.8 1.8 1.8
V)
RF 2.4 2.4 2.4 1.55 | 1~10 1~6 0.9 ~ - 0.9 2.4 1.1~ 2.2
(GHz) ~2.3 10.6 3.1
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LO 2.25 - 0.3 - - - - - 0.8 23 2 2
(GHz)
IF 150 | 50 | 210 - 100~ 170 - - 100 100 100~ 200
(MHz) 0 1000 1100
BW - - - - - - - - - - 50 50
(MHz)
CG 6.78 | 13.8 2 22.5 | 3~8 13 17.8 | 0.52 25 8.7~ 13.75
(dB) ~25 ~10 14.7
NF 15 82 | 128 | 7.7 | 113~ | 12~ | 13.1~13 | 145 | 243 9.62 3.46~ 2.89
(dB) 7 ~ 15 18 .8 4.47
9.5
1-dB -10 - 2 - - - -8 10.2 -8 -24.96 | -10.66 -15.19
(dBm) ~
-13.52
11P3 -1 -4 12.7 | >= -7~ -4.5 -4 - 1.2 -17.7 | 1.06 ~ -5.8
(dBm) 4 7 -4 -8.8
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Chapter 4: TUNABLE MIXER LAYOUT INDUCTOR
LOSS AND EQUIVALENT ELECTRONIC CIRCUIT
ANALYSIS

4.1 Layout Design, Verification, and Simulation Flow

- 3
( Start Layout Creation )

|

Component Generation/Placement

|

Routing D
JFalse g l l ) False J
_— T Design Rule Check (DRC) Layout vs Schematic Check _— T
_ _— _ _—
A “ by Assura (LVS) by Assura w
True ¢ True

Parasitic Extractiom(PEX)
by Assura

Post-Layout Simulation

_— ~__No

Performance Check = Satisfactory? D
4’\(

:(\ Layout Completed )

_

Figure 4.1 Design rule check and parasitic extraction flow
The layout design rule check and parasitic extraction flow are shown in Fig. 4.1.
To start layout design, build schematic and symbol view first. Next, generate electronic
layout components from the schematic, identify components, and then decide where to
place all electronic components in a generally limited amount of space. Next is routing,
choosing the exact design of all the wires needed to connect the placed components.
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Connecting components based on the schematic view. After routing, verify if the
layout follows design rules by Design Rule Check (DRC). Check and correct any
routing errors based on the design rule file report. For example, if the layout passes the
DRC check, conduct a layout versus schematic (LVS) check. If there are any LVS
errors, then check electronic components to see if they are correctly connected or not.
Conduct Assura Quantus until LVS passes for parasite extraction and include all
parasites in the post-layout simulation. Finally, verify the post-layout performance, and
go back to the layout circuit to optimize the placement and route until desirable
performance is achieved.

The layout of a tunable mixer operating at output IF = 200MHz, and BW = 50

MHz is shown in Fig. 4.2.

Figure 4.2 Layout of a tunable mixer operating at [IF=200MHz and BW=50MHz
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4.2 Layout Design Approach

The layout design is generated from the schematic in section.3.1 with the same
case (PWO0 <9 mW, fc=200MHz, and BW=50MHz). Two layout design optimization
flowcharts will be presented in Fig.4.3 and Fig.4.4 to explain how to meet specified

PWO, fc, and BW.

A

DC simulation

Set W5 value by simulted Ly
_ Z*Itotal >I‘L7

T kn *(Vgﬂ _V[)2
W6:O.1*W7

R3=0.9*R3

DC Simulation
S [PW-PW|/PW<=20%?

No
and ( PW <= PW,)
ves [€ |
W7:1. 1 *W7
T We=1.1¥W,

DC Simulation
8 [PW-PWq|/PWo<=10%2

No
and ( PW <= PW))

e N\
( Go to Satge B \

Figure 4.3 Design flow of power optimization
In design stage A (Fig.4.3), PWO is optimized to meet power specifications. The

layout is generated from the schematic. Keep all sizes are same as the schematic. If the
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error ratio of PWO0 > 50%, substitute the simulated I4s;into (3.1) to get new W7 and Wy

values. Using the new W7 and W¢ to do DC simulation. If [PW- PWO|/PWO0 > 20%,

decrease R by setting R3 = 0.9*R3 in the recursive loop until [PW- PWO|/PW0<=20%.

Do DC simulation if [PW- PWO0|/PWO0 > 10%, W7, and W, by setting W-=1.1* W5 and

We=1.1* W; in the recursive loop. Repeat the process until [PW- PWO|/PW0 <= 10%.

After the max power condition is met, go to design stage B (Fig. 4.4) to optimize the

mixer design to meet center frequency (fc) and constant IF bandwidth (BWO)

requirements.
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4

4

\ 4
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Figure 4.4 Design flow of fc and BW0 optimization
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At the beginning of design stage B (Fig.4.4), Conduct AC simulation based on the
Vbias found in DC simulation of stage A. Since the fc of the layout differs from the fc
of the schematic due to inductance loss, a macro adjustment of fc is conducted in design
stage B. If the error ratio of fc is more than 50% and the simulated center frequency is
smaller than the specified value, then decrease L; by multiplying 0.9. Repeat the same
procedure until the error ratio of fc is smaller than 50%. As a result, the macro
corrections for center frequency are completed. Set L, = L; in the design stage B.

Next, conduct AC simulation for micro adjustment of fc and macro adjustment of
BW. If the error ratio of fc exceeds 20%, the error ratio of BW is more than 50%, and
the simulated center frequency is smaller than the specified value, then decrease C; by
multiplying 0.95. Repeat the same process until the error ratio of fc is less than 20%
and the error ratio of BW is less than 50%. Micro corrections to fc and macro
corrections to BW are completed. Set C, = C; in design stage B.

Perform an AC simulation for micro correction of BW to be closest to BWO. If the
error ratio of BW is more than 20% and the simulated bandwidth is smaller than the
specified value, then decrease R; by multiplying 0.95. If the error ratio of BW is more
than 20% and the simulated bandwidth is more significant than the specified value, then
increase R; by multiplying 1.005. Repeat the same process until the error ratio of BW
is less than 20%. The micro corrections to BW have been completed. Set R, = R; in
design stage B.

4.3 Example of fc0 (200 MHz) with a Controllable BW0 (50 MHz)
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For layout design, all transistors’ sizes are generated from the schematic. Based
on the DC simulation, Ij5; =1.54mA and I35 = 0.16mA. Both values are much less than
Iass and Igs7 from schematic DC simulation. Increase W5 in layout to increase lgs7.
Increase lgs6 by increasing We=0.1W;. Maintain the size as a schematic for Wy to Ws.
Set Wo =W =W, =W3 =W, = W5 = 132um, W7 =25 um and W=0.1*W-=2.5um.
Performing DC analysis, and if the power error ratio is more than 20%, keep decreasing
R3 until the power error ratio is less than 20%. Continue to do DC analysis to check
whether the power error ratio is less than 10%. If the error ratio is more than 10%,
optimize the transistors’ width to meet the power requirement. After the optimization
process is complete, W7 is increased to 45um, and W is increased to 4.5um. Then, go
to design stage B (Fig. 4.4).

fc=12.27 MHz and BW=44.67 MHz are generated from AC simulation for macro
adjustment of fc. Since the error ratio of fc is more than 50% and the simulated center
frequency is smaller than the specified value, both L; and L, are set to 28.5nH.
Following the AC simulation, fc is determined to equal 12.3 MHz, and BW is
determined to be 47.19 MHz.

Next, conduct AC simulation for micro-adjustment of fc to be closest to fcO and
macro adjustment of BW. Since the error ratio of fc exceeds 20% and BW already
meets requirements, C; and C, are reduced to 11pF. Conduct an AC simulation and
obtain fc=13.49 MHz and BW=52.75 MHz, which meet the error ratio of bandwidth

less than 50%. The macro corrections to BW are completed.
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Finally, conduct AC simulation for micro-adjustment of BW to be closest to BWO.
R, and R, are increased to 15.7kQ. Run an AC simulation, fc = 13.48 MHz and BW =
49.5 MHz, which meets the error ratio of bandwidth below 20%. The micro corrections
to BW have been completed. In this case, the error ratio of fc does not meet the
requirement, so the macro correction to fc is not completed. A solving method will be
introduced in Section 4.5.
4.4 Layout Performance Analysis

4.4.1 DC Simulation of Power Specification

1 A |
|

/D & 245881mA

l

/S & 280.867uA
2.45881mA

I
m 8.289.867uA,

I
I
I
107
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Figure 4.5 DC simulation of power specification
Fig.4.5 shows the DC simulation results for the proposed tuning Gilbert mixer

layout power specification. I457=2.45 mA (red), and I456=0.1%* 1457 =0.28mA(yellow), so
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the total current Iw=2.73 mA when Vbias =1.07V. As a result, pw0

=Vpp*liota=4.91mW, which meets the power specification of 9mW.

4.4.2 AC Simulation of Center Frequency and Bandwidth Specification

M5: 13.48MHz 11.1675dB

—

M6: 53 4681MHz 8.1675dB
M7: 4.02254MHz 8.1675dB e

de:49‘4455.‘¢IHz dy:0.0dB 5:0.0dB/Hz

Figure 4.6 AC simulation of center frequency and bandwidth specification
Fig.4.6 shows the output IF frequency (200MHz) and bandwidth (50MHz)
simulation results for the proposed tuning Gilbert mixer layout. As a result, the output
IF frequency fc0=13.48 MHz and bandwidth BW0=49.45 MHz, which the bandwidth

meets the design specification.
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4.5 Effective Prototype Inductance in the Tunable Mixer Design

y spiral_s2_

Figure 4.7 Effective prototype square planar inductor and layout (L=7.00082nH)

In this work, the layout of the tunable mixer center frequency fc does not meet the
requirement of |fc-fc0|/fc0 < 20%. The main reasons are mainly due to 1) layout effects
due to the substrate, and 2) the resistive loss of the layout inductor often affects the
center frequency and bandwidth after it is prototyped [19]. The effective prototype

inductor inductance is 7.00082 nH, where the layout is designed by controlling the
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inductor width, space, radius, and the number of turns, as shown in Fig. 4.7. The
effective prototype inductance is measured as 7.00082 nH at 902.409MHz; the
corresponding effective layout inductance is measured as 173.1692 pH at 902.409MHz
in Fig.4.8. A significant inductance loss is observed. Later, we will present a
methodology to offset the tunable mixer center frequency offset problem due to the

difference between the effective prototype inductance and the layout inductance value.

90 M2: 902.4091MHz 7.000820
80

% 3.0 M3: 902.4091MHz 173.1692p
g
g
g 20
g
]
10

Ind

r T [
10 10° 10

Frequency (Hz)

Figure 4.8 Effective prototype inductance (Red) vs. Layout inductance (Yellow)
4.6 Equivalent Electronic Circuit for the Square Planar Inductor
The issue of modeling the inductor for RF applications is complex because it
requires knowing the causes of undesirable behavior in the correlation between the
circuit and the analytical model. This contribution presents an equivalent electronic
circuit attributed to the cause of the degraded performance of the inductor [20]. An

equivalent electronic circuit for the square planar inductor is analyzed in Fig. 4.9.
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Figure 4.9 Equivalent electronic circuit for the square planar inductor.
Fig. 4.10 shows the simulation of the equivalent electronic circuit obtained and

the experimental response.
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Figure 4.10 Experimental curve vs. equivalent electronic circuit simulated[20]
As shown in Fig. 4.10, a close correlation between experimental and equivalent
electronic circuits is observed in the range of 1.5-4.75 GHz; self-resonance is observed

in its upper-frequency band. Next, we use this equivalent circuit (r-model) to substitute
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the ideal inductor in the tunable mixer schematic of Fig. 4.11 to restore the extracted
inductor value to reduce inductance loss. Fig.4.12 shows the tunable Gilbert mixer
implemented with an equivalent electronic circuit (n-model). Port 1 of the m-model
circuit is connected to Vpp, and port 2 is connected to the outputs OUTN and OUTP of
the mixer. The setting of all parameters (L;,L,, Lsi, Ls2, Rsi, Rs2, Ri1, Ri2, Rabi, Rsub2,
Rub3,Cox1> Cox2, Cox3, Csubl, Csub2) of an equivalent electronic circuit (n-model) will be

introduced in section 4.6.1.
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Figure 4.11 n-model implementation in the tunable mixer
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4.6.1 AC Simulation

AC simulation: //Mixer design flow to achieve center frequency and the bandwidth

requirement //

10:

11:

12:

13:

14:

Specify fc0 and BWO;

. CGam+(Rs+——)
Set initial R; (=R,;) by —— & ;

5 ;
Set initial C; (=C») by m :

Find Lsi, Lsa, Rs1, Rsa, Ri1, Ri2, Rsuvt, Reub2, Reubs,Coxt, Coxa, Cox3s Csubt, Csuba,
Csubs, C12 based on layout extracted results

Set initial L; (=L,) based on C,; and Cy;

do // Check on L; from the lookup table.

Find (Ls;, Ls2, Rs1, Rs2, Ri1, Ri2, Reub1, Rsuv2, Reuns,Cox1, Cox2, Cox3s Csubt, Csub,
Csubs, C12) according to L in the lookup table

Run AC simulation; //find fc and BW

if (fc <=fc0) {  //fc is on left of fcO

Decrease L, according to the lookup table ;

else //fc is on the right of fc0

Increase L; according to the lookup table ;

while |fc - fc0| / fc0 > 30% //Macro adjustment of fc
Run AC simulation; //find fc and BW

while ( [fc - fc0| / fc0 > 20% ) or ( [BW — BWO| / BWO > 30% ) then
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//Macro adjustment of BW; micro adjustment of fc

15:  if fc < fc0 then //fc is on left of fcO

16:  C1=0.995*C;;

17:  else //fc is on the right of fcO

18:  Ci=1.005*C;;

19: end if;

20:  Run AC simulation; //find fc and BW

21: end while; /Mixer meets the center frequency (fc0); End of macro adjustment
of BW

22:  while (|BW -BWO0|/ BW0 > 20%) then //Micro adjustment of BW

23:  if BW <BWO0 then

24:  R;=0.995*R;;

25: else

26: R;=1.005*Ry;

27:  end if;

28:  Run AC simulation; //find fc and BW

29:  end while; //Mixer meets the bandwidth (BWO0);

4.6.2 Design Approach

Set initial values of C,, C,, Ry, R, based on the calculation values. Find Lg;, L,

RSla RSZ: Rlla R127 Rsubl, Rsub2a Rsub3aCOX17 Cona C0x39 CSubla CSubZ, CSub3, C12 based on

layout extracted. Create a table to list all Ls;, Lsa, Rsi, Rsz, Rii, Riz, R, Reub2,
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Rsub3,Cox1> Cox2, Cox3, Csubl, Csub2, Csubs, Ci2 values based on corresponding instance
values. Perform an AC simulation to determine the first corresponding center frequency
fc. Next, a macro-adjustment of fc is conducted. For example, if the error ratio of fc is
more than 30% and the simulated center frequency is smaller than the specified value,
then decrease L, by setting new Lg;, Lsa, Rs1, Rsa, Ri1, Ri2, Reubi, Reub2, Rsubz;Coxi1, Cox2,
Cox3, Csubi, Csub2, Csubs, C12. If the error ratio of fc is more than 30% and the simulated
center frequency is larger than the specified value, then increase L; by setting new Lg;,
Ls2, Rs1, Rs2, Rir, Riz, Rauvt, Raub2, Raubs,Coxt, Coxa, Coxss Csubl, Csub2,  Csubs, Cia.
Continue the same process until the error ratio of fc is less than 30%. The macro
correction has been completed for fc.

Continue to conduct AC simulation. For example, suppose the error ratio of fc is
more than 20%. In that case, the error ratio of BW is more than > 30%, and the
simulated center frequency is smaller than the specified value, then decreases C; by
multiplying 0.995. Suppose the error ratio of fc is more than 20%. In that case, the error
ratio of BW is more than 30%, and the simulated center frequency is larger than the
specified value, then increase C; by multiplying 1.005. Continue the same process until
the error ratio of fc is less than 20% and the error ratio of BW is less than 30%. The
micro correction has been completed for fc, and the macro correction has been
completed for BW. Set C,=C;.

Conduct an AC simulation to micro correction BW to be closest to BWO. If the

error ratio of BW is more than 20% and the simulated bandwidth is smaller than the
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specified value, then decrease R; by multiplying 0.99. If the error ratio of BW is more
than 20% and the simulated bandwidth is larger than the specified value, then increase
R; by multiplying 1.005. Continue the same process until the error ratio of BW is less
than 20%. The micro correction has been completed for BW, Set R,=R;.

4.6.3 Proposed Mixer with Equivalent Electronic Circuit Performance

Fig.4.13 shows the DC simulation results for the proposed mixer with equivalent
electronic circuit power specifications. I457=4.12 mA (red), and l456=0.1* 1357 =0.45mA
(blue), so the total current Iip=4.57 mA when Vbias =1.1V. As a result, pw0
=Vpp*liota=8.23mW, which meets the power specification of 9mW.

Fig.4.14 shows the output IF frequency (200MHz) and bandwidth (50MHz)
simulation results for the proposed mixer with an equivalent electronic circuit. As a
result, the output IF frequency fc=177.8 MHz and bandwidth BW=87.6 MHz.
Compared with the prototype layout Gilbert mixer circuit, the equivalent m-model
tunable mixer optimizes the IF center frequency from 13.48 MHz to 177.8 MHz for the
[F=200 MHz case and meets the requirement of |fc-fc0|/fcO0 < 20%. The conversion
gain is dropped from 13.75 dB to 7.4dB compared with the prototype Layout Gilbert
mixer circuit. From the above comparison, the equivalent m-model tunable mixer has
resolved the center frequency offset problem in the tunable mixer with prototype L.
Still, the conversion gain drops by approximately 3dB. In section 6.1, a low noise high

gain mixer will be introduced to optimize the mixer's gain.
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As shown in Fig. 4.15, the noise figure of the proposed tuning Gilbert mixer with
an equivalent electronic circuit is simulated. The noise figure is 3.14 dB at IF output
frequency 177.8 MHz. Fig. 4.16 illustrates the 1-dB compression point of the proposed
tuning Gilbert mixer with an equivalent electronic circuit. The 1-dB compression point
is -17.18 dBm. Fig. 4.17 shows the IP3 value of the proposed tuning Gilbert mixer with

an equivalent electronic circuit. The IP3 is -19.81 dBm.
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Figure 4.13 DC simulation of the equivalent t-model tunable mixer
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Figure 4.14 AC simulation of the equivalent t-model tunable mixer
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Figure 4.15 Noise figure of the equivalent nt-model tunable mixer
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Periodic Steady State Response
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Figure 4.16 1- dB compression point of the equivalent m-model tunable mixer
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Figure 4.17 IP3 of the equivalent nt-model tunable mixer
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Chapter 5: LOW NOISE AMPLIFIER TOPOLOGY

5.1 Low Noise Amplifier Fundamental

The low noise amplifier (LNA) is one of the essential components in radio
frequency front-end communication systems. The LNA is vital in maintaining the
overall noise figure (NF) of the entire system in every front-end receiver section [21].
An LNA is primarily used to amplify the desired signals received by the receiving
antenna with minimal noise and distortion. So the design of the LNA should be in such
a way that its noise figure must be as minimum as possible [22] [23] [24]. Fig.5.1

shows a block diagram of the LNA in the RF front-end system.

Antenna

Mixer

IF OUTPUT
LNA

LO

Figure 5.1 Block diagram of low noise amplifier in RF front-end system
The LNA design involves several tradeoffs, including noise figure (NF), gain,

linearity, impedance matching, and power dissipation [25]. The parameters of LNA
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vary depending on different topologies. An LNA is designed based on the following
parameters:
1. Noise Figure (NF)

The noise factor of the amplifier is calculated by comparing its noise output with
the noise output of an ideal noiseless device. Due to the inherent noise of electronic
components, any LNA always has a noise factor higher than 1. Noise figure (NF) is a
parameter related to noise factor (dB), which is calculated by taking NF =10 * log10
(noise factor) as a decibel number. A noiseless LNA should be capable of exhibiting a
noise figure close to 0dB, which is a good indication of LNA's performance. The noise
figure indicates the extent of degradation of SNR in an LNA. Therefore, the noise figure
of the entire front-end receiver system can be represented by [27].

NFrora, = NFyna +%TLLII\Z—1 (5.1)

The NFroraL represents the noise figure of the first stage of LNA, NFserina
represents the noise figure of subsequent stages beyond the first stage, and Gaingna
represents the gain of the LNA.

2. Input Matching

The input impedance of the LNA significantly impacts the noise added to the

output signal. A higher impedance results in a higher level of noise. A low input

impedance can result in poor measurements when the low signal source has a high

impedance. However, these situations may require a higher input impedance.
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S-parameters are primarily used for impedance matching. The S-parameters (S11,
S12, S21, S22) describe a two-port network's transmission and reflection coefficients
under matched conditions. S11 is the reflection coefficient at port one, known as the
input reflection coefficient, expressed in decibels, which gives the input return loss. At
port two, S22 is the reflection coefficient known as the output reflection coefficient and
when it is expressed in decibels provides the output with return loss [27].
3. Gain

The gain describes the ability of the LNA to boost signals with deficient levels of
strength from the antenna. The gain of an LNA can be represented by [26].

Gain = 2010gVV°T‘;T (5.2)

4. Stability

In the process of designing LNAs, the circuit should be ensured to be stable within
the desired frequency range. For a stable circuit, the stability factor (K) should always
be greater than 1, and LNA stability can be evaluated by plotting the stability factor
(K). The stability of the LNA can be improved by inductive loading and neutralization
to cancel coupling affection [28].
5. Linearity

The 1-dB compression point and the third-order intercept point can be plotted to
represent the linearity of LNA. The 1-dB compression point is marked by a drop of 1dB

in the output signal power from its intended level. The third-order intercept is the point

at which the third order's modulation product coincides with the first order's output.
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Input intercept point 3 (IIP3) is defined as the level of power input corresponding to
IP3.
6. Offset

The offset affects the amplifier's performance in DC analysis. However, due to the
inherent limitations of semiconductor devices, the LNA will produce an inaccurate DC
offset level.
7. Bandwidth and center frequency

The LNA's bandwidth should cover the range of frequencies from the component
connected to it, and its center frequency should also match the center frequency of the
component, such as the mixer.
5.2 Common Source Amplifier

5.2.1 Common Source Amplifier with Load RD

Vdd

RD

4[> vOuT

Figure 5.2 Common source amplifier with Rp
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Fig. 5.2 shows the structure of a conventional common source amplifier with a
passive resistor. The gain expression can be generated from a small signal model, as

shown in Fig. 5.3.

Vin * *

Vgsgm

Vags
g § o § BRD Vout

Figure 5.3 Small signal model of common source amplifier with Rp

Zout = Rp||ro (5.3)
Gai _ Vout R % 54
ain = 525 = —(Rp[ro) » gm (54

Due to the Rp >> ro considering channel length modulation, the RD can be

Vout

neglected; Gain= =|—10* gmj|.

Vin
5.2.2 Common Source Amplifier with Source Degeneration

Vdd

Figure 5.4 Common source amplifier with source degeneration
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Fig. 5.4 shows the structure of a common source amplifier with source
degeneration. The gain expression can be generated from a small signal model, as

shown in Fig. 5.5.

Vin T *

Vgsgm
V
as v § 10 § RD Vout

RS

Figure 5.5 Small signal model of common source amplifier with source degeneration

_ _FRp
Zout = gim+R5 (5.5)

vout _ 9gmRp_ (5.6)

Gain = =
Vin 1+g,,Rs

The gain is reduced compared to the conventional CS amplifier because of the

source of degeneration. Because of the body effect, the output resistance is increased,

and the gain is affected by (1+ gglmb .
Rp
Zout = ————— .
R S (37
gm gm
Gain = 22 = ImPD (5.8)

Vin 1+ng5(1+L‘;—’Zf’)

5.2.3 Common Source Amplifier with Active Load
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Figure 5.6 Common source amplifier with active load

A transistor is used to replace the passive resistor to ensure that the amplifier
always operates in the saturation region. Active load amplifiers produce less distortion.
The large signal has become linear, whereas the small signal has always been linear by
definition. Large signal models are only dependent on physical dimensions. The ratio
of physical dimensions determines the gain. It reduces the dependence on
environmental factors such as changes in temperature. Based on the observation from
Eq. (5.9), Increasing the width of M, and length of M, while decreasing the width of
M, and length of M; will increase gain.

Vout _ 1 % m E

Gain = = *
vin  149mb L1 w2
gm

(5.9)
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5.3 Common Drain Amplifier

Vdd

h <l_ﬂ£—l> VOuT
w2

VSS

Figure 5.7 Common drain amplifier (source follower)
A common drain amplifier is also referred to as a source follower. The gain is
close to unity gain (<1) because of its low output impedance. The gain expression can

be generated from a small signal model, as shown in Fig. 5.8.

: I

Vgsgm Vgsgmb
Vgs <>
v
Vout
%%% RS

Figure 5.8 Small signal model of common drain amplifier

Output impedance Zout and gain can be represented by

1

_ gm 1
Zout = Rs || 1+gg,:1: < o (5.10)
Vout R
Gain = = £ <1 5.11
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5.4 Common Gate Amplifier

o

VSS

Figure 5.9 Common gate amplifier

G D VOouT

Vgsgm Vgsgmb
Vas
SRONED

VIN

Figure 5.10 Small signal model of common gate amplifier
Fig. 5.9 shows the common gate amplifier in which the input signal is sensed at
the source terminal and the output is produced at the drain terminal. The gain expression

can be generated from a small signal model, as shown in Fig. 5.10.
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A common gate amplifier's gain is positive, and its input impedance is relatively
low. In addition, the input impedance of a common gate stage is relatively low only if
the load resistance connected to the drain is negligible.

Zout = Rj (5.12)

gmb

: Vout
GamzvoTl:l:gm*RD(l+ (5.13)

gm
5.5 Cascode Amplifier
In Fig. 5.11, a cascode amplifier is introduced to increase the gain compared to a

common gate amplifier. To achieve higher output impedance, more transistors can be

added to the common gate amplifier to achieve higher gain.

Vad

l
<4|> VOuUT

VSS

Figure 5.11 Cascode amplifier
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G2
| + b2 vOouT

Vgsz2gm2
v ro2

D1 S2

VIN G1 +
Vgsigmi
Vgs1 <> § rol
- S1
Figure 5.12 Small signal model of cascode amplifier

Ay1 = —9m1 *Tor (5.14)

Ayz = —9mz2 * To2 (5.15)
Aytotar = Av1 * Aya = —Gm1 * o1 * Gmz * Toz (5.16)

Adding PMOS transistor M; to increase gain in Fig.5.13. The ro increases to
Tout = Im3 * To3 * To1||Toz (5.17)

The gain is

Aviotal = Gm1(Gms * Toz * To1l1752) (5.18)

Adding the transistor PMOS M,

Tout = Gm3 * To3 * To1||T02 * Tos * Ima (5.19)

The new gain will be

Aviotar = Im1(Gms * To3 * To1lTo2 * Tos * Gma) (5.20)

Adding transistors will result in an infinite gain because the rout will be significant;

however, the current will be very small, such as nA. Cascode amplifiers will be out of
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saturation because there is insufficient voltage headroom. In section 5.6, a differential

amplifier is introduced to solve this problem.

Vdd

VBIAS1 4”; M2
> vour

VBIAS2 <]—”£ M3

in <J—J

—Vss
Figure 5.13 Cascode amplifier with adding PMOS transistor

5.6 Differential Amplifier
Unlike cascode amplifiers, differential amplifiers create a folded structure to avoid
stacking too many transistors vertically, which is difficult with low power supply
voltage. Furthermore, The current source does not change the current I4; or Iys; thus,
the Vours and Vour- will remain unchanged since Vo = V44 - IDRp, and the spike signal
won’t be changed. With an increase in V| and a decrease in V,, more current is diverted
to M, and less current is diverted to M,. As a result, Vourt. will decrease while Vour+
increases. The stage will produce differential gain and common mode attenuation. This
differential stage is made instead of the single stage. Last, the bulk of M, and M, are
connected to the ground, and the two sources are connected. Transistor M; and M, share

the same V. Body effect doesn’t affect the Vr; and V12, so V11=V12. Body effect is
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naturally canceled because of the operation of the differential topology. The body

effect (1 + i]lmb) won’t affect the gain. Fig. 5.14 shows the structure of the differential

amplifier.
Vad
M3 ;” IE M4
vouts <F—— - >vour
VIN+ <]—“i M M2 ﬂ}—D VIN-
VBIAS<]_|
VSS
Figure 5.14 Differential amplifier
Gt VID _ G2 D n
VIDgmD

A § ro Vout

$1,52,53,54

Figure 5.15 Approximate small signal model of the differential amplifier

1

Tout = Tasz||Tasa = Jasz+Idsa (5.21)

Imp = +/ 2B11ps1 (5.22)
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. Vout
Gain = VOIL; = Gmbp * Tout (5.23)

5.7 Two Stages Operational Amplifier

Operational amplifiers (Op-amps) are integral to many analog and mixed-signal
systems. Op-amps with vastly different levels of complexity are used to realize

functions ranging from dc bias generation to high-speed amplification or filtering. [29].

R2

R1

—VVW\ -

+
VINN + +
V2
+ + VOuT

VINP
Vi _

N

Figure 5.16 General configuration of Op-amp
Op-amps have sufficiently high forward gain so that when negative feedback is

applied, the closed loop transfer function is practically independent of the gain of the

op-amp.

F(s) <

Vout(s)

Vin(s) A(s)

Figure 5.17 Op-amp feedback network
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Loop gain can be represented by

L(S) = —A(S) * F(S)

Forward transfer function

Vout A(jw)

vin  1+AGwW)*F(jw)

Vdd

-

(5.24)

(5.25)

v E

VOUT+ <]7

M4

Vi

BE!

M6

—> vour

[ wm7

Figure 5.18 Two-stage Op-amp

Fig.5.18 shows the schematic of two stages Op-amp. It consists of a differential

amplifier and a cascode amplifier with voltage to current (transconductance stage) and

current to voltage (load stage) converting stages. Differential input pairs M; and M,

convert the differential input voltage to a differential current if apply the common mode.

Ms and M5 are current sources to present a high output impedance. Ms copies the

current through M7, based on Vbias (I4ss=W*14s7). The common mode will not change

if a good source is applied because some are forced to be constant. For example, M3
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and My are combined to perform a current mirror, and the current is copied from M3 to

M,. The second order Op-amp small signal model is shown in Fig. 5.19.

V1

amll*vi

gml*vin cl
Vin v\ — R v §RII —— oy Vout

Figure 5.19 Second-order small signal model of the two-stage Op-amp

According to the small signal model of the two-stage amplifier, RI is the output

resistance of the first stage, and RII is the output resistance of the second stage. CI is

the output capacitance of the first stage, and CII is the output capacitance of the second

stage. V1 is the output of the first stage.

The first stage gain Avl is

V1 <RI
Avl = —= —gml » 3L —

The second stage gain AvII is

VOUT _ gmlII+RIl
- N
VI —+1

Avll =

The total gain Ayiota 1S

Avtotal = Avl * Avll = gml * RI * <ﬁ
=+
wil

5.8 Noise Cancellation and Reduction Technology

5.8.1 Feedforward Noise-canceling Technique
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The feed-forward noise-canceling technique allows simultaneous noise and
impedance to be matched simultaneously while canceling the noise and distortion of
the matching device. High sensitivity applications require sufficient gain, good
isolation, and a noise figure (NF=10-log10(F)) below 3dB over a wide frequency range
[31]. This technique can make wide-band impedance-matching amplifiers work well

with NF below 3dB.

W: Noise Voltage

Figure 5.20 Matching (a) noise and (b) signal voltage at nodes X and Y [30]

Fig.5.20 presents a low-noise wide-band technique for decoupling noise factor F
from Zin=Rs without global negative feedback or compromising the source match. The
matching device's output noise is canceled without affecting the signal transfer quality.
For example, the voltage signal at nodes X and Y have opposite phases In Fig. 20 (b)
because the gain Avrys=1- gmiR0 <0, assuming g,iR0>1. Due to the difference in sign
between noise and signal, the noise of the matching device can be canceled while the
signal is added simultaneously. The new output is created by adding the voltage at node

Y to the scaled negative replica of the voltage at node X. To cancel the thermal noise
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generated by the matching device, a proper value should be determined for this scaling

factor noise canceling at the output node.

i l Ampl. “A”

a)

Figure 5.21 Wide-band LNA exploiting noise canceling [30]

Fig. 5.21 shows a straightforward implementation using an ideal feedforward
voltage amplifier A with a gain (Av>1). The matching device noise voltages, Vx ,,; at
node X is [30]

Vini = A(RS, gmi) * IniRs (5.29)
The matching device noise voltages, Vy ,; atnode Y is
Vyni = (RS, gmi) * Ini(Rs + R) (5.30)
The output noise voltage is
Voutni = Vyni — Vxni * 4y (5.31)

The gain Ay, ¢ for output noise cancellation equal to

Ayc =2mioq 4 R (5.32)

R
Vxni Rs
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Two characteristics of noise canceling can be observed from Eq.(5.32). 1) Noise
canceling depends on the absolute value of the actual impedance of the source. 2) The
cancellation is independent of a@(Rs, g,,;) and the quality of the source impedance
match. This is because of any change of g,,; equally affects the noise
voltagesVy ,; and Vy ,; [30].

5.8.2 Gain-enhanced Noise-canceling Technique

-& : Signal voltage

A‘*VA: Noise voltage

RS
AAA :
vln ? E
* o

Figure 5.22 Resistive shunt feedback LNA using the gain-enhanced noise-canceling
technique [32]

Fig. 5.22 shows a simplified resistive shunt feedback LNA using the gain-
enhanced noise-canceling technique to cancel output noise voltage. Two paths to
implement a gain-enhanced noise-canceling technique. The first is to increase the
overall voltage gain, Ay g, and the other is to match the phase delay for two paths. An
additional gain of Ay is used in the upper feedforward path. By using the following
calculations, the output noise voltage is canceled.

The output noise voltage V;, oyt 1S

Vn,out = In,Ml (Rs + Rp — AxRg) (5.33)
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The gain of feedforward voltage is shown below when V,, .+ is zero,
Ay =1+ (5.34)
Rs
The overall voltage gain is
Vour 1
Ay =, = —AyRp(gm1 + ) (5.35)
X S
The gain at node X can be expressed as:
R
AX,G = Ay * AX S (1 + R_};) (5.36)

The overall voltage gain Ay can be calculated when noise voltage V), oy, is

canceled.
v 1
Ay = ;’;’T = —Rp(gm1 +R_s) (5.37)
Voo
Voo
Vesa
WAz 3 b i S i Rosa
Vesa T .
1 c ,
| B % Reia pd R
i - - Vb1,a 7T Vs F2,A
__________l VW M3A MA o
’ V.
I A
[ ‘T ‘T -
RS,A C]n,A: l— RL1.A RLZ.A
[ | l[: I[:
Vina o Veia I Mia ' Mo,a M A
n, | :
| ”’
N
= | Zina - = =

Off-chip<«— — Noise-canceling stage <——» Output buff'er

Figure 5.23 First noise-canceling LNA using gain-enhanced technique [32]

Fig. 5.23 shows the schematic of the first noise-canceling LNA. It consists of two
stages: the noise-canceling stage and the output buffer. R 4 is a 50Q) source impedance

connected to the input via a large capacitor Ciy o. In the noise-canceling stage, A shunt
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feedback resistor Ry; 4 is used to match the signal and noise generated from the input
transistors M a. Mza, and M3 4 are used to combine the signal and subtract the noise
of M a. Rpi.a, and Rpy A are load resistors. The polarities of the signals at the drains of
M; 4 and M; o must be in phase to subtract the noise at the drain of M 4 [32]. The noise
factor for each device is

g*gmz,Asz,A

FMZ,A B e (5.38)

2
Rsa*Anc,a

Y. 9dm3,A

RZ
P 7812,4
(1+9m3,4*R11,A)
UL L (5.39)

2
Rsa*ANc,a

FM3,A -

9m3,ARL1’A

2p2
—_— e R
(1+9m3,A*R11,A)

L2,A

FRFI,A -

(5.40)

2
Rp1,ARs A*ANC A

gm3,ARL1_A

2p2
—_— e R
(1+gm3,A*R11,A )

L2,A

FRD 1,A —

(5.41)

2
Rp1,ARs A*ANC A

F __ Fiaa (5.42)
RD2,A — .

2
Rp2,ARs,A*ANC A

| % s A

Vin,B RF »
Choke r Voogb Re28< CosTpp
= Vs1’B : ZIH.B = =

Off-chip <«— —>» Noise-canceling stage <— —»

Figure 5.24 Second noise-canceling LNA using gain-enhanced technique [32]
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Figure 5.25 Noise-canceling stage of second LNA [32]

The second noise-canceling LNA is shown in Fig. 5.24. M, g provides wideband
input matching and voltage gain in the noise-canceling stage. For input matching, the
input impedance Zi, 5=50 (0. M, g and M3 g are used to combine the signal and subtract
the noise of M; g. Rpi s, and Rpy p are load resistors [32]. The noise factor for each

device is

Y
Ly
o 9m2,B

F, =4 " 5.43)
M2B T R (
y*
~*9ms3,B
j— a 4
Fyzp = —“—— (5.44)
Rsp*Gm,Nc,B
_ RD1,BQ12113,B
Froip =~ =2 (5.45)
Rsp*Gm,NcB
Frp2p = - 2 (5.46)
’ Rp2,B*Rs,BGm Ne,B
The gain of two stages noise canceling stages can be expressed as
ANCB __ 9m3BRL1B (5.47)

ANcA 49m1,ARF1,A
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5.8.3 CG and CS Combination Noise-canceling Technique

Two common wideband matching techniques (a common source stage with
resistive shunt feedback (Fig.5.26) and a common gate stage (Fig.5.27)) are compared
to perform CG and CS combination noise-canceling technique with the input matching
requirement. The resistive shunt feedback structure is selected to meet the wideband
input matching requirement in the common source stage; however, it produces high
power consumption. A common gate amplifier combines with a common source stage
to implement wideband impedance matching. Moreover, the CG LNA has better
linearity, low power consumption, and better input-output isolation [33]. A popular
method for reducing the noise figure (NF) is the noise cancelation structure which

eliminates the channel thermal noise of the CG structure by using a common source

(CS) transistor [37].
VDD
Lo
Ro
Vout
Veio[,, M4
Rs GCs
Vs LS

Figure 5.26 Common wideband input matching technique (common gate) [36]
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Figure 5.27 Common wideband input matching technique (common source) [36]

VD D

Figure 5.28 Common wideband input matching technique [36]
The proposed LNA with common wideband input matching techniques is shown
in Fig. 5.28. The first stage is a common gate structure in this structure, and transistor

M; is used to implement wideband input matching. The second stage is a common
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source structure. The transistor M, is used to cancel the channel noise produced by the
transistor M;. The PMOS transistor M3 is selected to re-use the current of M, and
improve linearity. The resistor Ra is applied to extend the bandwidth of M; at low
frequencies and reduce flicker noise. In addition, Ls is used to cancel the degrading
effect of the parasitic capacitances of transistors M; and M,. Finally, Lg dampens the
parasitic capacitor CS of M, to enhance the input return loss. L; , Lpi, Ly, and L3 control
the center frequency. Ry is parallelized at the output node to reduce the variation in
output impedance and achieve a reasonable gain. The negative feedback R is used to
prevent variations in the output voltage due to the high impedance of the output node.
The value of RF is mainly selected to ignore its effect in the analysis.

The input impedance with RA is

Ra+sLg

Zin = CxLsS2+(RaCx+8m1Ls)s+(gm1Ra+1) (5.48)
Output impedance Zout can be calculated as
Zout = (Yasz + sLy)||(rass + 5L3)||RL||%Out (5.49)
The total voltage gain Av is calculated as
AV = [+ (18l Zyl + 8ma)| Zoud (5.50)

According to the noise cancellation technique, the most significant noise sources
are the thermal noise of Rp; and Ra and the channel noise of M, and Ms. They are
calculated as follows,

The thermal noise of Rp; is

Rp1 Rs
|Zo1+Rp1|?

NFRDl = (5.51)
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The thermal noise of Ry is

Channel noise of M, is

Channel noise of Mj is

The total noise figure is

NF =

R
NFRA = ==
Ra
1
NFM2 == X
Rsgmz o
R
NFys =1
Zy9m3 A
Rp1 Rs 1 X Rg X
(Zo1+ Rp1)? Rsgmz @ Z{gms
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Chapter 6: TUNABLE GILBERT MIXER INTEGRATED

WITH A HIGH-GAIN LOW-NOISE AMPLIFIER

6.1 The Proposed High-Gain Low-Noise Amplifier

Vdd
1st Stage 2nd Stage —T 3rd Stage
! v i M Les
I : I 1 [ |_|_
IRDO§ ﬁ01§ 1 RB [ Ce)
I L1
I 1 [ 1
lvB1 :
I i 1 VB4 | i
VB0 i H—] m3 |
I 1 1 I i
[ G T, Ew | BT l—I> vourt
RB= 'y, | 1 I
_l_“_:MO 1 | . c2 VB3 | | |
Il .
co—— | : VX e
I 1 RB 1
VIN ' I -t -
< |-— I
1 1 VB2
I - 1

<
®
7

Figure 6.1 The proposed high-gain low-noise amplifier
To perform a high level of integration, the Gilbert mixer must meet sufficient gain
with wide bandwidth to fulfill the multiband requirement and maintain a low noise

figure. To solve this problem, a high-gain, low-noise amplifier is presented to be
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cascaded with the mixer. The integration is to optimize the conversion gain of the
proposed tunable mixer, compress the noise, and keep the required IF center frequency
and bandwidth for multiband, multi-standard applications.

The proposed high-gain, low-noise amplifier is shown in Fig. 6.1. It consists of
three stages to simultaneously achieve a high conversion gain and noise cancellation.
The first stage is a common-source amplifier offering a conventional gain. The second
stage is a common-gate amplifier selected as a primary stage to match a broadband 50
Q input impedance without using extra components [34]. A common-gate amplifier
has two advantages over the common-source amplifier for selecting it as a primary
stage. First, the common-gate amplifier has higher input-output isolation than a shunt-
feedback common-source amplifier because the parasitic gate-drain capacitor is AC
grounded [35]. Second, the common-gate structure has better linearity than the
common-source amplifier since the input source resistance further contributes to source

degeneration.

1 and the

For a conventional common-gate design, the input impedance is
Imbtdm

Y 4
agmRs 9ImRD

noise factor is F =1+ [35], in which y represents the excess noise

factor in short-channel devices and a represents the ratio 3—’” between the small-signal
ds

transistor transconductance g, and the zero-bias drain conductance g4s where g, is the
small-signal substrate transconductance. However, the second stage common-gate

. . . . . . . 1 .
structure’s noise performance is poor since its total input impedance = 50 Q, which
m

means gm should be 20 mA/V to meet the input-matching condition. To resolve this

81



issue, a third-stage common-source structure is introduced as a noise cancellation
technique that can remove the channel noise generated from the common gate amplifier
[30]. Thermal noise generated from M, is canceled through M, and Ms. The My is
parallel with M, to boost gm> and optimize thermal noise in the common source stage.
The third stage operates like a cascade PMOS current sink inverter amplifier. The third
stage can be seen as a current source inverter amplifier from the Y node. The third stage
can be seen as a current sink amplifier from the X node. To produce a high gain, signals
from X and Y are combined and amplified at the outputs. Inductor L’s provides a DC
path to the ground and reduces the parasitic capacitance at the input node. However,
due to PMOS transistors at the output node, increasing parasitic capacitances leads to a
higher variation in Z,, at high frequencies. The proposed LNA bandwidth is limited at
high frequencies mainly because of these reasons. L; is used as inductive shunt and
series peaking techniques to solve this problem. Shunt inductive peaking causes
resonance at the output of each stage when the gain starts to drop off at higher
frequencies [36]. Additionally, L; also can reduce the parasitic capacitance at the output
node.

To determine the size of all transistors, widths are initially set as a minimum value
of Wo=W;=W,=W3=W,=0.22 um. All transistor lengths are initially set as a minimum
length of L=180 nm. Considering the short channel effect, Vinshort in 180nm CMOS
technology is 0.55V. The Kyshort is the CMOS process factor, and Anshort 1S the channel

length modulation parameter. As discussed in Section 3.1.1, Kygor= 317uA/V* and
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Anshort=0.127 for the NMOS; Kypshor= 157uA/V?* and Apsnor=0.132 for the PMOS.

For power specified constraints pw0 <9 mW, the sum of three branches I4s must
be smaller than SmA. Assume each branch Iy equals 1.5mA. For the 1% stage, the
equation of Iy for the short channel effect is

Ipso = Kusnort * Wo * (Vgso = Vrnsnore) (1 + Ansnore * Vbso) (6.1)
The transconductance of the short channel equation is
Imo = ~Kngnore * Wo * (1 + Aysnore * Vpso) (6.2)

Set initial Wo= 0.22um, and run the DC simulation, Ipso is much less than 1.5mA.
Increasing Wy from Wy= 0.22um to 11lum, repeat the same procedure to find Ipgo=
1.5SmA @ Vpso=0.65V when Viias0=Vgo= 0.878V. Vpso > Viso-Vimshort Satisfies the
saturation requirement. So, Rpg and rgs can be derived based on the above simulated

values.

RDO — VDD_VDSO — 1.8v—-0.65v — 766 Q (6,3)

IDSO 1.5mA

= IthnshortVpso _ 1+0.127+0.650
dso Mbso 0.127+1.5mA

= 5.7k Q (6.4)
Due to r4s0>> Rpy, raso 1s not considered. The total output resistance rou = Rpo. So, the

gain of the first stage Ay, is

Ay1 = —Gmo * Rpo = —K

Vbop-V
nshort ¥ Wo * (1 + Ausnort * Vpso) * D.;D—SODSO (6.5)
Substitute Eq.(6.1) into Eq. (6.5).

Vada—Va
|Ay| = % (6.6)
Vgso Vinshort

From Eq.(6.6), it can be observed the gain | Ay | is relevant to Vpiaso. The simulated

gain is 9.48 (@ Viaso=0.878v. The analysis of the second stage is similar to the first
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stage. W is increased from 0.22um to 7um to satisfy the saturation requirement Vpg;>
Vasi-Vishor. Iosi= 1.5SmA @ Vosi=1.1V when Viia1=Vgi= 105V, Rpy = =22 2251 =
466(). The second stage is a common gate amplifier with a wideband input matching
50 Q and a positive gain Ay, = g1 * Rpp. From simulated, A, = 4.78. For the third
stage analysis, keep Ipsz, Ips3 and Ipss equal to 1.5 mA, and set W, = W3 =W, =0.22um.
Repeat the same DC analysis as the first stage, and W= 19.6um, W3 = 9.8um, and
W,=20um are found. The total gain of the proposed LNA is 18.73, as presented in
Fig.6.2. Calibrate the Lc, Cs, and Cs values to ensure the center frequency of the
proposed LNA is close to the proposed mixer, and it is shown that Lc slightly affects
the gain. Last, the Lc = 11nH, Cs=Cs=1pF. Ls are set as 5 nH to ensure that parallel Ls
do not degenerate the common-gate amplifier's input impedance.
6.1.1 Center Frequency and Conversion Gain
The impedance from the input to node Y is Zy, where Rp; is the load resistor of
M, Cy is the total parasitic capacitance at node X, and Cy is the total parasitic
capacitance at node Y.
Zy = Roal[ras1 + Ggz ISLIA + Garasdll (6.7)
So, the gain of transistor M; can be expressed as follows
Apy = Ayy = Gm1 * Zy (6.8)
Ayy = Ayy = gm1 * Rpall[1as: + (s%x lIsLs)(1 + GinaTas1)]I11/sCy (6.9)
The output impedance is determined by Z,,,;, which can be calculated as follows. The

Cout 1s the total output parasitic capacitance observed by V.
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Zout = Tas2||Tas3||Tasal11/5Cous (6.10)

The gain of transistor M3 can be calculated as
Ayz = Gms * Zour = Ims * Tasz2|[Tas3||7asal|1/sCout (6.11)
The gain of transistor M3 is derived from node Y, so the gain from Y mode to output
can be represented as
Ayy = Ayy * Ayz = gm1 * Zy * Gm3 * Zout (6.12)
The gain of transistors M, and My can be represented as
Ayz = Gmz * Zout (6.13)
Avs = Gma * Zout (6.14)
The gain of transistors M, and My is derived from node X, and the total gain from node
X to output is
Ayx = Ayz + Avs = (Gmz + Gma) * Zous
= (gmz + Gma) * CusaPasallrasall 5 ) (6.15)
The total gain of the proposed LNA is the sum value of each gain from node X and
node Y.
Avtotar = Avx + Ayy = Ay * Ays + Ay + Ayy (6.16)
Fig.6.2 shows the output IF frequency (200MHz) and bandwidth (50MHz)
simulation results for the proposed LNA. As a result, the output IF frequency fc=175.6
MHz with 18.73 dB gain is close to the proposed mixer center frequency of 177.8MHz.

The bandwidth spans 8.27MHz to 996MHz, fully covering the proposed mixer case.
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Figure 6.2 Center frequency of the proposed LNA
6.1.2 Noise Figure
According to the proposed LNA, the current noise I,,,;; from the input transistor
flows into node X, but flows out through node Y. The channel noise of the main
transistor M; develops two noise voltages at node Y, V,y, and node X, V,x which have

two opposite phases. Vv and Vyx can be calculated as

Vrfy = ng * IrZLMl (6.17)
Vi =2} * By (6.18)

In the 3" stage, Vyy is converted into current I,,,;3via Ms. At the same time, Vox
is converted into currents and combined to form I,,;;,, via M, and M4 [37].
L3 and I35, can be calculated as
Lnmz = Viiy * Gms (6.19)

Limaa = Viix * (Gmz + Gma)® (6.20)
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At the output node of the 3" stage, the two currents with opposite phases are
canceled by the equation
Tnou =Vix (€m2+8ma) - Viy gm3=0 (6.21)
Relation between transconductance and impedance can be generated from the

equation

gm2+gm4- _ Z_Y (622)
9Im3 Zx

For this noise cancellation scheme, the primary noise sources are the thermal
noise of Rp; and the channel thermal noise of transistors My, M3 and Ma.

The noise factor of Rp; can be expressed by

4kTRD(gm3|Zout|)2(zolz211w1)2 _ R (6.23)

F =
RD1 4KTRgAV? Rp1

The noise factor of M,, M3, and M4 can be expressed by

4KT Zout|?
Fyp = gmzlZoutl” ¥ _ gm2 x L (6.24)
4KTRgAV? @  Rs(gmztgma)® «
4KT Zout|? 1
Fyp = 2f8malZour” , v 1 ¥ (6.25)
4KTRgAv? @  Rp(mz2tgms) «
4KT Zout|?
Fppg = 208malZoutl” , ¥V _ __ Bme ¥ (6.26)
4KTRgAV? @  Rs(gmz+9ma)® @
The total noise factor is
R
Ftotal = 1 + S + 14 2 + 4 (6'27)
Rp1  aRs(gmz2+9ma) aRp(Im2+9ma)

Fig. 6.3 shows the noise figure comparison between the 1%,1%" and 2™ combined
stages and the proposed LNA. The second stage's noise figure (red) is 25.45dB at
175.6MHz. The first and second combined stage's noise figure (green) is 13.5479dB
at 175.6MHz. The proposed LNA noise figure (yellow) is 8.76dB at 175.6MHz. The

effect of the third stage on the cancellation of thermal noise is observed.
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Noise Response
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Figure 6.3 Noise figure of 1* stage, 1° and 2™ stage and proposed LNA

6.1.3 Linearity

As shown in Fig. 6.4, the 1-dB compression point equals -33.98 dBm. As shown

in Fig 6.5, the input value of IP3 is -21.6 dBm.

Periodic Steady State Response
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Figure 6.4 1-dB compression of the proposed LNA
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Periodic AC Response
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6.2 Tunable Gilbert Mixer and Low-Noise Amplifier Integration
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Figure 6.5 IP3 of the proposed LNA

In this section, A high-gain, low-noise amplifier presented in section 6.1 is

cascaded with the mixer with an equivalent electronic circuit (n-model) as shown in

Fig.6.6 and Fig.6.7 to optimize the conversion gain of the proposed tunable mixer,

compress the noise, and keep the required IF center frequency and bandwidth for multi-

band multi-standard applications.

RFIN

Proposed Updated Mixer

MIXER

LNA

IFOUT

Figure 6.6 Block diagram of proposed updated mixer
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Figure 6.7 Proposed updated mixer
6.3 Performance of Integrated Circuit
In section 4.6, the mixer with an equivalent electronic circuit (r-model) is designed
to present a conversion gain of 7.4dB (@ a tunable IF center frequency of 177.8 MHz
with an IF bandwidth of 87.57 MHz. After integration with the proposed high-gain low-

noise amplifier, the conversion gain increases from 7.4 dB to 27.68 dB with 87 MHz
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I Mixer with LNA
I Mixer

bandwidth @ IF=176MHz, as shown in Fig. 6.8. Compared with the proposed mixer,
the bandwidth and center frequency remain unchanged. Fig.6.9 shows the noise figure
comparison between the mixer with an equivalent electronic circuit and the integrated
mixer with LNA. The noise figure changes from 3.14 dB (red) to 3.47 dB (green) at IF
frequency 177.8 MHz. A slight change in the noise figure is observed. Fig. 6.10 shows
the 1-dB compression point comparison; the 1-dB compression point changed from -
17.1dBm to -14.6 dBm, compared with Fig.4.16. As shown in Fig.6.11, the IP3 changed

from -19.8 dBm to -18.6 dBm, compared with Fig.4.17.

M1: 177.828MHz 27.6874dB

M5: 138.805MHz 24.6874dB M6: 226.033MHz 24.6874dB

25.0

25 & dx:87.2273MHz dy:0,0dB 5:0.0dB/Hz
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10.0

75 M4: 226.288MHz 4.41172dB

M3: 138.717MHz 4.41172dB

5.0

25

0.0

-2.5

freq (Hz)

Figure 6.8 Center frequency comparison between prototype Gilbert mixer (green) and

proposed mixer with LNA (red)
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Noise Response
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Figure 6.9 Noise figure comparison between prototype Gilbert mixer (green) and the
integrated mixer with LNA (red)
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Figure 6.10 1-dB compression of the proposed mixer with LNA
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Figure 6.11 IP3 of the proposed mixer with LNA

6.4 Comparison of Different Tunable Gilbert Mixer Technologies

Table 6.1 shows the performance and comparison of different tunable Gilbert
mixer technologies where the input frequency RF=2.2GHz, LO=2GHz, and the output
IF center frequency IF=200 MHz having a constant S0MHz IF bandwidth. The past
work of a tunable Gilbert mixer with a tunability of 200 MHz IF, and a regular IF
bandwidth of 50 MHz, achieves a noise figure of 3.95dB, a conversion gain of 14.7dB,
a 1-dB compression point -10.88 dBm, and an IP3 -5.02 dBm. Tunable Gilbert mixer
with Effective Prototype Inductor has a tunability of 199.5 MHz IF, a constant IF
bandwidth of 52 MHz, and achieves a noise figure of 2.89 dB, a conversion gain of
13.75 dB, a 1-dB compression point -15.19 dBm, and an IP3 -5.8dBm. A Tunable

Gilbert mixer with electronic circuits (n-model) has a tunability of 177.8 MHz IF and IF
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bandwidth of 87.57 MHz. It achieves a noise figure of 3.14 dB, a conversion gain of
7.41dB, 1-dB compression point of -17.18 dBm, and IP3 of -19.8 dBm. Tunable Gilbert
mixer with Electronic Circuits (r-model) integrated with LNA has a tunability of 177.8
MHz IF and IF bandwidth of 87.22 MHz. It achieves a noise figure of 3.47dB, a

conversion gain of 27.68 dB, a 1-dB compression point of -14.6 dBm, and an IP3 of -

18.6 dBm.
Table 6.1 Comparison of Different Mixer Technologies
Tunable Gilbert Tunable Gilbert Mixer | Tunable Gilbert Tunable Gilbert Mixer
Mixer with ideal | with Effective Mixer with Electronic | with Electronic
inductor Prototype Inductor Circuits (z-model) Circuits (z-model)
integrated with LNA
CMOS 180 180 180 180
(nm)
VDD 1.8 1.8 1.8 1.8
V)
RF 2.2 2.2 2.2 2.2
(GHz)
LO 2 2 2 2
(GHz)
IF 200 199.5 177.8 177.8
(MHz)
BW 50 52 87.57 87.22
(MHz)
Gain 14.7 13.75 7.41 27.68
(dB)
NF 3.95 2.89 3.14 3.47
(dB)
1-dB -10.88 -15.19 -17.18 -14.6
compression
(dBm)
1P3 -5.02 -5.8 -19.8 -18.6
(dBm)
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Chapter 7: CONCLUSION AND FUTURE WORK

7.1 Conclusion

A proposed tunable Gilbert mixer with effective prototype inductor tunable
Gilbert mixer cell is first introduced. The design synthesis of a wide tuning with a
constant IF bandwidth is presented. Mixer design parameters calculations, macro and
micro adjustments, and convergent flow to optimize design parameters to meet the
desired center frequency 200MHz and constant IF bandwidth is explained and
demonstrated by examples. An equivalent t-model tunable mixer is also introduced to
solve the inductor loss caused by the effective prototype inductor. Last, a wide
frequency span CMOS high-gain low-noise amplifier is designed and connected with
the proposed tunable Gilbert mixer to achieve a high gain. A design example further
illustrates how the tunable Gilbert mixer works and complies with the design
requirements to function as expected. Finally, the design synthesis approach can be
adopted to design wide frequency span CMOS tunable mixers for multi-band/multi-
standard wireless applications, a promising candidate for low-cost and a small occupied
die area.

7.2 Future Work
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The above sections have demonstrated research and industry trends on the fully
integrated mixer, past work, current fulfillment, and problem statement. Next, the study
will focus on two directions:

1) An effective prototype design case (RF =2.2 GHz, LO =2 GHz, I[F =200 MHz,
BW =50 MHz) of tunable Gilbert mixer with effective prototype inductor is presented.
A wide frequency span of 2 GHz (RF=1.1 ~ 3.1 GHz) with controllable bandwidth of
50 MHz will be further analyzed to optimize the design synthesis approach to offset the
inaccuracy of center frequency and bandwidth, the discrepancy between the actual and
ideal prototype inductor.

2) A multi-band, multi-standard receiver architecture for wireless applications will
be further analyzed, such as 802.11a/b/g WLAN and 802.16a WMAN. The targeted
frequency bands include licensed bands: 2.3 GHz, 2.5 ~ 2.7 GHz, and 3.5~ 3.7 GHz,

and un-licensed bands — ISM 2.4 GHz and U-NII 5 GHz [39].

23/242485/2527GHz

\/ Zand
Filter Ct 1
M Mixer et PGA
\/3_5-3 7 GHz LNA
Digital
— _El % Baseband

345~405GHz 1.15
] Il 0GHz /12-1.243
385~437GHz /125-135GHz =———=———————————————————

/3.53.7 GHz : :
/1282-1338 : vCO H
] 1
[ | 1
] 1

/1.431-1.457 GHz

Figure 7.1 Multi-band multi-standard receiver architecture for wireless
applications [39]

96



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

REFERENCES

L. D. Xing, S. Shafie, I. A. Halin, and S. S. Jamuar, "Design of front end of an
RF receiver," IEEE Student Conference on Research and Development
(SCOReD), pp. 533-536, 2009.

H.Ghayvat, "A 2.4 GHz CMOS Gilbert mixer in 180nm technology," IEEE the
Fifth International Conference on Communication Systems and Network
Technologies, pp.781-785, 2015.

M. K. Pandram, and R. C. Gurjar, "A low power down conversion CMOS Gilbert
mixer for wireless communications," International Journal of Engineering
Research and Applications, vol. 4, Issue 7, pp. 186-190, 2014.

H. Rashtian, A. H. M. Shirazi, and S. Mirabbasi, "Improving linearity of CMOS
Gilbert-cell mixers using body biasing," Proceedings of IEEE International
Midwest Symposium on Circuits and Systems, pp. 61-64, 2012.

E. Morad, E. Rasouli, and M. Alasvandi, "High linearity common gate Gilbert
cell mixer design using CMOS 0.18 pm technology for 2.4 GHz
applications," Electrical and Electronic Engineering, vol. 4, no. 3, pp. 52-57,
2014.

N. Kim, V. Aparin, and L. E. Larson, "A resistively degenerated wideband
passive mixer with low noise figure and high IIP2," I[EEE Transactions on
Microwave Theory and Techniques, vol. 58, no. 4, pp. 820-830, 2010.

Z. Hu. and K. Mouthaan, "A 1-to 10-GHz RF and wideband IF cross-coupled
Gilbert mixer in 0.13-um CMOS," IEEE Transactions on Circuits and Systems
1I: Express Briefs, vol. 60, no. 11, pp. 726-730, 2013.

D. Bhatt, J. Mukherjee, and J. M. Redouté, “A self-biased mixer in 0.18um
CMOS for an ultra-wideband receiver,” IEEE Transactions on Microwave
Theory and Techniques, vol. 65, no. 4, pp. 1294-1302, 2017.

C.I. Yeh, W. S. Feng, and C. Y. Hsu, "0.9-10.6 GHz UWB mixer using
current bleeding for multi-band application," Electronics Letters, vol. 50, no. 3,
pp. 186-187, 2014.

97



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

M. Tian, "Design of a novel CMOS Gilbert mixer with high performance,"
Analog Integrated Circuits and Signal Processing, pp. 683-689, 2015.

H. Pan, J. Chen, and H. Qi, "A CMOS Low Voltage High Linear Down
Conversion Mixer Design," IEEE International Conference of Wireless
Communications, Networking, and Mobile Computing, pp. 703-705, 2007.

R. D. Kanphade and S. B. Patil, "A 2.4 GHz double balanced differential input
differential output low power high gain Gilbert cell down conversion mixer in
TSMC 180nm CMOS RF process," IEEE the 2nd International Conference on
Electronics and Communication Systems (ICECS), pp. 1187-1193, 2015.

S. Sedighi, O. Hashemipour, and M. Dousti, “A 2.4-GHz highly linear derivative
superposition Gilbert cell mixer,” Turkish Journal of Electrical Engineering and
Computer Sciences, vol. 24, no. 2, pp.571-579, 2016.

K. Munusamy, Kumar, and Y. Zubaida, "A highly linear CMOS down
conversion double balanced mixer," IEEE International Conference on
Semiconductor Electronics, pp. 985-990, 2006.

M. S. Pyatishettar, S.V. Pradeep, and S. S. Yellampalli, "Design of gilbert-
double balanced mixer for WBAN," International Conference on Electrical,

Electronics, Communication, Computer, and Optimization Techniques
(ICEECCOT), pp. 164-167, 2017.

D. Singh, and R. Khatri, "Designing of Double Balanced Gilbert Mixer for Direct
Conversion Receiver," 2018 4th International Conference for Convergence in
Technology, pp. 1-5, 2018.

A.K. Singh, and N. Pandey, "Implementation of Ultra Low Power Diode load
based Gilbert cell mixer for wireless applications," Annual IEEE India
Conference (INDICON), pp. 1-5, Dec. 2015.

D, Na, and T.W. Kim, "A 1.2 V, 0.87-3.7 GHz wideband low-noise mixer using
a current mirror for multiband application, " IEEE Microwave and Wireless
Components Letters, vol. 22, no. 2, pp.91-93, Jan. 2012.

Y. Sun, “Design of High-Frequency Integrated Analogue Filters,” IET,
Stevenage, no.14, 2002.

O. Nolasco, "Passive inductors in silicon: A design proposal," I[EEE
International Autumn Meeting on Power Electronics and Computing (ROPEC),
pp. 1187-1193, 2013.

98



[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

C.C.Pin, C.J.Hao, and W.Y .Her, “A fully integrated SGHz low voltage and low
power low noise amplifier(LNA) using forward body bias technology,” IEEE
Microwave and Wireless Components Letters, vol.19, no.3, pp. 176-178, Mar.
20009.

B. Razavi, “RF Microelectronics,” second edition ed. Prentice Hall, 2011.

B. M. Ninan, K.Balamurugan and M. N.Devi, “Design and analysis of low noise
amplifier at 60 GHz using active feedback and current re-use topologies,”
Proceedings of the 3rd International Conference on Devices, Circuits and
Systems, ICDCS 2016, pp. 161-166, 2016.

B. M. Ninan and K.Balamurugan, “Design of CMOS based low noise amplifier
at 60 GHz and its gain variability through body biasing,” International
Conference on Computer Communication and Informatics, pp. 1-6, 2017.

T.H. Lee, “The Design OF CMOS Radio Frequency Integrated Circuits,”
Cambridge University Press, 1998.

B. Prameela and A. E. Daniel, “Design and analysis of different low noise
amplifiers in 2-3GHz,” International Conference on VLSI Systems, Architectures,
Technology and Applications, pp.1-6, Jan. 2016.

S.K.Derek and L.H.Thomas, “ A 1.5 V, 1.5GHz CMOS Low Noise Amplifier,”
IEEE J. Solid-State Circuits, vol.32, no.5, pp.745-759, May 1997.

G.S.Jung, A.T.Hee, L.J.Donald, Y.Z.Ping, L.H.Thomas and D.W.Robert, “ A
noise optimization technique for integrated low noise amplifiers,” IEEE J. Solid-
State Circuits, vol.37, no.8, pp. 994-1002, Aug. 2002.

B.Razavi, “Design of Analog Cmos Integrated Circuits,” Boston, MA: McGraw-
Hill, 2001.

F. Bruccoleri, E. A. M. Klumperink and B. Nauta, "Wide-band CMOS low-noise
amplifier exploiting thermal noise canceling," IEEE Journal of Solid-State
Circuits, vol. 39, no. 2, pp. 275-282, Feb. 2004.

F. Bruccoleri, E. A. M. Klumperink, and B. Nauta, “Noise Canceling in
Wideband CMOS LNAs,” IEEE Int. Solid-State Circuits Conf. Dig. Tech. vol.
45, pp. 406-407, Feb. 2002.

K. H. Chen and S. I. Liu, “Inductorless Wideband CMOS Low-Noise
Amplifiers Using Noise Cancelling Technique,” IEEE Trans. Circuits Syst. 1,
vol. 59, no. 2, pp. 305-314, Feb. 2012.

99



[33]

[34]

[35]

[36]

[37]

[38]

[39]

X. Fan, E. S. Sinencio, and J. S. Martinez, “A 3 GHz-10 GHz Common Gate
Ultrawideband Low Noise Amplifier,” IEEE Midwest Symp. Circuits and
Systems, pp. 631-634, Aug. 2005.

A. Bozorg and R. B. Staszewski, "A 0.02-4.5-GHz LNA in 28-nm CMOS for
5G Exploiting Noise Reduction and Current Reuse," IEEE Journal of Solid-State
Circuits, vol. 56, no. 2, pp. 404-415, Feb. 2021.

H. Zhang, X. Fan, and E. S. Sinencio, "A Low-Power Linearized Ultra-
Wideband LNA Design Technique," IEEE J. Solid-State Circuits, vol. 44, no. 2,
pp- 320-330, Feb. 2009.

A.Ansari and Y.Mohammad, "A Very Wideband Low Noise Amplifier for
Cognitive Radios," IEEE International Conference on Electronics, Circuits, and
Systems, pp. 623-626, 2011.

C.-F. Liao and S.-I. Liu, "A Broadband Noise-Canceling CMOS LNA for 3.1—
10.6-GHz UWB Receivers," IEEE J. Solid-State Circuits, vol. 42, no. 2, pp. 329-
339, Feb. 2007.

X. Hu, "RF CMOS Tunable Gilbert Mixer with Wide Tuning Frequency and
Controllable Bandwith: Design Synthesis and Verification," OhioLINK
Electronic Theses and Dissertation Center, 2017.

C.S. Wang, W.C. Li, and C.K.Wang, "A multi-band multi-standard RF front-end
IEEE 802.16 a for IEEE 802.16 a and IEEE 802.11 a/b/g application," /EEE
International Symposium on Circuits and Systems, pp.3974-3977, May 2017.

100



	CMOS Wide Tuning Gilbert Mixer with Controllable IF Bandwidth in Upcoming RF Front End for Multi-Band Multi-Standard Applications
	Repository Citation

	Microsoft Word - PhD_Dissertation_Jianfeng Ren.docx

