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High Performance LNA Design for Next Generation Wireless

Amr ABDELHAMID

Abstract

Nowadays, wireless communication systems are the most growing field in telecommunica-
tions industry. New standards have been introduced and the number of frequency bands
that need to be supported increase enormously. The receiving end of any communication
system has a key component which is the Low Noise Amplifier (LNA). LNA is placed as
the first block in the receiver. The design of LNAs is one of the most challenging aspects
in radio frequency (RF) systems. The most important parameters to measure the per-
formance of LNA are gain and noise figure while stability, linearity, and return loss are
examples of others. Nowadays, the limitations on power consumption and area are two
major bottlenecks in LNA design because of the increased number of supported bands
that increases the number of LNAs, matching networks and duplexers in the solution.
Furthermore, as the demand of diversity and carrier aggregation increase, the number
of LNAs increases further. For instance, a receiver solution that supports 2G, 3G and
4G standards with diversity for multiple bands may easily have more than 15 LNAs.
This increase in the number of LNA in a single receiver requires a decrease in the power
and area consumption of each LNA. In this thesis, we have studied the ways to decrease
those two parameters while still complying with the state-of-art common source based
LNA specifications. Two designs have been introduced, one of them is the widely used
common source LNA with inductive load and degeneration. The other one is our new
approach common gate LNA without any load inductors and it does not need a matching
network as well. This thesis is divided into two main parts. The first part presents some
design aspects and a comparative study for the implemented LNAs. The second part of
this thesis presents two LNAs design, one of them is CS based LNA with load and source
inductors which is often preferred and used in the wireless communication chips that is
available in the market. This LNA operates at frequency 1.9 GHz and achieves 27 dB
gain and noise figure less than 2.4 dB. The second design is a new approach to reduce
the area and power consumption while still getting a good performance compared with
the fist design. It operates at 2.4 GHz and achieves more than 22 dB gain and less than
2.3 dB noise figure. Both designs are implemented in UMC 65nm CMOS technology.



Yeni Nesil Kablosuz Icin Yiiksek Performansli LNA Tasarimi

Amr ABDELHAMID
Oz

Giiniimiizde, telsiz iletigim sistemleri telekomiinikasyon endistrisinde en hizli biiyiiyen
alandir. Bu alana yeni standartlar getirildi ve desteklenmesi gereken frekans bantlarinin
sayist hizh bir sekilde artti. Iletisim sistemlerinin alici tarafi bir anahtar bilegene sahip-
tir; alcak giiriiltiilii kuvvetlendirici (LNA). LNA birinci blok olarak alicida yerlestirilir.
Radyo frekans sistemlerinde LNA’larin tasarimi en zorlayict durumlardan biridir. Karar-
lilik, dogrusallik ve geri déniig kaybi digerlerine 6rnekken LNA’nin performansini 6lgen en
onemli degigkenler verim ve giiriiltii faktoriidiir. Gilinlimiizde sorunun ¢éziimiinde alici-
vericilerin, uyumlama devresinin ve LNA’larin sayisimi arttiran desteklenmis bantlarin
sayisini arttirdigindan gii¢ tiiketiminin ve alanin kisitlanmagi LNA tasariminda iki ana
engeldir. Cesitlilik ve tagiyic1 toplama talebi arttikca, LNA’lerin sayisi daha da artacak-
tir. Ornegin; birden fazla bant icin cesitlilikle 2G, 3G ve 4G standartlarini destekleyen bir
alict ¢oziimi 15 LNA’dan fazlasina sahiptir. Tek bir alicidaki LNA sayisindaki bu artig
her bir LNA i¢in gii¢ ve alan tiiketiminde bir diigiigii gerektirir. Bu tezde, en geligmig
ortka kaynak tabanli LNA tanmimlamalarina uyumlu kalarak, yukarida bahsedilen iki
degigkeni azaltan yollar caligildi. Tki tasarim tamtildi. Bir tanesi endiiktif yiik ve de-
jenerasyon ile kullanilan ortak kaynak LNA’dir. Digeri ise yiik endiiktifi olmayan or-
tak gecit LNA’dir ve ilave olarak uyumlama devresine ihtiya¢ yoktur. Bu tez iki ana
kisima ayrilmigtir.  Birinci kisimda bazi tasarnm durumlarn ve uygulanmig LNA’larin
kargilagtirma calismasi anlatildi. Tezin ikinci kisminda ise iki tane LNA tasarimi an-
latildi. Bir tanesi piyasada mevcut olan kablosuz iletigsim ¢iplerinde daha cok tercih
edilen endiiktif yilik ve dejenerasyonlu ortak kaynak tabanli LNA’dir. Bu LNA 1.9 GHz
frekansta caligir ve 27 dB verime ulagir ve 2.4 dB’ten daha az giiriiltii faktorii vardir.
Ikinci tasarimda ise birincise kiyasla daha iyi bir performans elde ederken alan ve giic
tiiketimi azaltan yeni bir yontemdir. Bu tasarim, 2.4 GHz’de ¢alisir ve 22 dB’den fazla
verim verir ve 2.3 dB giiriiltii faktoriine sahiptir. Iki tasarim da UMC 65nm CMOS

teknolojisinde uygulanmigtir.
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Chapter 1

Introduction

1.1 Motivation

Low Noise Amplifier is the first stage in a receiver after the antenna. The noise figure of
this block dominates the noise figure of the entire receiver according to Friis’s equation
given in [1|. Because of this, maximizing the gain while, at the same time, minimizing the
noise figure is the most important design approach in LNA implementations. Other than
having a high gain and low noise figure, there are other performance metrics that are
important. Impedance matching between the antenna and the LNA input, linearity, and
stability are examples of those metrics. To have a maximum power transfer, LNA requires
a good impedance match to the antenna. As the number of wireless communication
standards increases, the number of frequency bands that needs to be supported increases
continuously. Because of this, the need for a multi-standard transceiver has been arising

which means a drastically increase in the number of RF modules.

Furthermore, the possibility of carrier aggregation not only increases the number of RF
modules, but also the number of receiver chains. For instance, a receiver that supports
2@, 3G, and 4G standards with diversity for multiple bands may easily have more than 15
LNAs. Because all of this, RF designers need to come up with other LNA configurations
than CS LNA with inductive load and degeneration. CS based LNA is widely used in
transceiver 2|, (3], [4], and [5]. It is important to note that as the number of LNA
increases, with the current CS based LNAs, the number of external components for
matching will increase drastically, which will also increase the cost and volume of the
solution due to the increase of PCB area. Furthermore, it is not viable to get a wide-band
matching through a CS design, which may be a major issue for the yield of the solution

as the on-board components may have a variation of %10 or more easily.
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Another design aspect designers should take care of is non-linearity as it can cause prob-
lems such as gain compression, blocking and intermodulation. One common way to
quantify non-linearity is input-referred third-order intercept point (ITP3), normally ex-
pressed in dBm and is desired to be as high as possible. Power consumption is another
design specification that needs to be closely inspected. Considering only the noise per-
formance and linearity can lead to a biasing solution that makes the power consumption
simply too big to be practically realized. Increased incorporation of RF systems into
hand-held device makes it necessary to minimize power consumption in order to max-
imize battery life. Inductors off- and on-chip are used as a solution to resonate at the
desired frequency to obtain real valued impedances. Because of this resonance, the band-
width for this type of LNA is low. Inductors use a lot of area on chip and all the matching
components off chip use valuable PCB area. To make matters even worse inductors on

chip require expensive manufacturing steps to get a high Q.

1.2 Thesis Objective

The objective of this thesis is to develop a prospective LNA design which differs from
the state-of-art common source based LNA to reduce the power consumption and the
area of the chip and PCB as well, while at the same time still having an acceptable
performance. To accomplish this task, a comparative study of the most recent LNAs
is presented and a detailed analysis of the effective parameters is discussed. After this
detailed study, two designs are presented. One of them is the commonly used CS based
LNA with parallel RLC load at the output and inductive degeneration at source that
operates at 1.9 GHz. This design achieves gain higher than 27 dB and a noise figure
lower than 2.4 dB. The other one is a new approach that does not need an inductive
load neither matching network which means a great reduction in area of the chip and
the PCB as well. This LNA operates at 2.4 GHz and achieves a gain higher than 22 dB
and a noise figure lower than 2.3 dB. However, the performance of this LNA is less than

the CS LNA. The performance is still acceptable.

1.3 Thesis Organization

The remainder of the thesis is organized as follows: Chapter 2 reviews the fundamentals of
the LNA design such as noise figure, impedance matching, and linearity. A comparative
study of the previously designed LNA stating the pros and cons of each design is presented
in this chapter. Chapter 3 presents the design methodology of the two prospective LNAs

explaining the tradeoffs and figure of merits that have been considered through the design
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and the simulation results. Chapter 4 concludes the work in this thesis and the future

work.



Chapter 2

State of Art

2.1 Performance Metrices

In this chapter, a general overview on some key parameters in LNA design will be pre-
sented along with a comparative study of some state-of-art LNA design and investigation

about the pros and cons of each of them.

2.1.1 Noise

Noise is an undesired phenomena that lowers the quality of the signal that is processed
by the amplifier. The signal quality in an amplifier is measured by Signal-to-Noise Ratio
(SNR), which is defined as the ratio between the signal and the noise powers [1]. There
are three main noise sources induced from electronics components: Thermal noise, shot
noise, and flicker noise. Thermal noise also known as Johnson noise since it was first
observed by J. B. Johnson [Johnson, 1928]. It presents in any passive resistor (including
semiconductor) above absolute temperature. This noise is caused by a random motion of
charge carriers in a conductor and is independent of bias. As it will be demonstrated in
the following sub-sections, thermal noise is the main noise contributor in an LNA design
that is implemented in a digital CMOS process. Shot noise occurs in pn-junctions and
depends on dc bias current. It can be modelled as a white noise source. It is one of the
major noise contributors in LNA design that uses a Bipolar Junction Transistor (BJT)
as the voltage to current conveyor. Since this thesis is mainly focuses on the LNA design
in a digital CMOS process, we will not provide any detailed analysis on the effect of
shot noise in LNA noise performance. Flicker noise also called 1/f noise arises due to
the traps in the semiconductor and occurs only when a dc current is flowing. It has an

effect in both bipolar and MOSFET transistors and it dominates the thermal noise for



Chapter 2. State of Art 5

lower frequencies and can be neglected for higher frequencies. As shown in figure 2.1,
the frequency that 1/f noise value crosses the thermal noise floor is called “1/f corner
frequency” [6]. The corner frequency is in the range of hundreds of megahertz in MOS
technology nowadays. Since the LNAs, are mainly operates at higher frequencies than
the 1/f corner frequencies of many processes, its contribution is negligible in LNA noise
performance under linear operation. However, due to the limited linearity of an LNA and
high-level blocker signals, the 1/f noise of certain elements in an LNA design, especially
bias elements, can be up converted to the frequency of interest and adds to the overall
noise power of the design. The following is a brief review about the main noise sources

in various design elements that are used in a LNA design.

— A
2
Vs Flicker Noise

(log scale)
Jf— Corner

Thermal Noise

-
fe t

FI1GURE 2.1: Flicker noise corner frequency [1].

2.1.1.1 Resistors

The thermal noise is the major noise source in a resistor. It can be modeled as a voltage
source with a PSD density of, V2 ( f) ,in series with noiseless resistor as shown in figure
2.2, where V2 (f) is given by

VZ2(f) =4kTR (2.1)

where k is the boltzmann’s constant (1.38 X 10*23JK*1), T is the temperature in Kelvins,
and R is the resistance value. It appears to have the same value for all frequencies, white
noise [6]. The noise can also be modeled as a current source, I,% ( f), in shunt with noise-

less resistor and with a PSD value of

HOEE (2.2)
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Rnl:liseless
Ci I°(f)

Ve'(f)

FIGURE 2.2: Noise model of a resistor.

2.1.1.2 MOSFETs

Thermal and flicker noise are the dominant noise sources for active MOSFET transistors.
The flicker noise can modeled either as a voltage source in series with the gate or as a

current source between source and drain.

K

Vi (f) = WLCo.T (2.3)
K 2

I(f) = 7WLgT:xf (2.4)

where K is a device specific constant. The variables W, L, ¢,,, and C,, represent
the transistor’s width, length, trans-conductance, and gate capacitance per unit area,
respectively [6]. The thermal noise in MOSFET transistors operating in saturation region
can be modeled as a current source tied between drain and source terminals as shown in

figure 2.3 with the PSD value of:
I3 = 4kTygm (2.5)

where « is the excess noise coefficient. Its value is 2/3 for long channel transistors and

can rise to 2 for short channel devices.

V.
—®—,., ® ;o

-]

FIGURE 2.3: Noise model of a transistor [6].
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As mentioned before, the dominant noise depends on the frequency of operation. If an
amplifier is working at a frequency less than the corner frequency, then the flicker noise
will dominate. If the operating frequency is higher than the corner frequency, which is

usually the case in LNA, the thermal noise will dominate.

2.1.1.3 Capacitors and Inductors

Capacitors and inductors do not produce random noise. However, due to the non-
idealities of the capacitors and finite quality factor ‘Q’ of the inductors the parasitic
resistances produce some thermal noise. On- and off- chip inductors are used for match-
ing, degeneration, and loading purpose when designing an LNA. While the performance
of the off-chip inductors is better than that of the on-chip inductors (higher Q-factor),
the desire to decrease the number of off-chip inductors used on the board increased to

reduce the board complexity and cost.

As a conclusion, the noise from capacitors and inductors with limited ) can be modeled
with the effective value of the resistance at the frequency of interest and the noise due
to that parasitic resistance as shown in figure 2.4. As a reminder, since the value of
the resistance that is used to model the quality factor of passives is mainly frequency

dependent, the noise contribution is frequency dependent as well.

H
L, Vadf)
Vi(f) = J4kTR w(
Y v

FIGURE 2.4: Equivalent noise model circuit [6].

2.1.1.4 Noise Factor (f) and Noise Figure (NF)

The noise figure (NF) is a measure of the amount of noise added to the signal by the
circuit components and measured in dB scale. On the other hand, the noise factor (F) is
the value of NF in linear scale, and defined as the ratio between the SN R, and SN R;,
of the circuit component [1]. Noise factor (F) of an LNA can expressed in terms of its

gain and the noise power at its input and output as follows:

_ SNRout . Sz Nout _ Sz % G x Nin“‘Namp — 14+ Namp

F = _-amp
SN Ry, Nin 8 Sout N; G x Sin, G x N;p

(2.6)
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where S;, and S,y are the signal power level for input and output, N;, and Ny, are the

input and output noise power level, and G is the gain.

For a cascade system of N stages as shown in figure 2.5, the overall noise factor can be
obtained in terms of the noise factor and gain of each stage. The total noise factor can

be expressed by the Friis’s equation:

F—1 F;-1 Fy—1

P = F T S
v =t e T e G, T T GG, G

(2.7)

FIGURE 2.5: Noise of cascaded stage [1].

2.1.2 Gain

Gain shows how much the signal is amplified and is defined as the voltage ratio of the
output signal and input signal. This ratio is called the “voltage gain” and it is expressed
in dB as

Gain = 20log (“/;ut) (2.8)

Another definition of gain is the power gain which is the ratio between the output power

and the input power. In this thesis voltage gain is used unless stated otherwise.

2.1.3 Input Matching

Matching the impedance of the antenna to the impedance of the input port of the LNA
is required to get maximum power transfer from the antenna to the LNA. This is usually
done by putting additional passive networks between the antenna and the input of the

LNA. These networks are called matching networks.

In the common source LNA the input impedance is dominated by the gate-to-source
capacitance Cys. To achieve a purely resistive impedance, extra components should be

added. Degenerating the source with an inductor as shown in figure 2.6 can achieve such
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a goal. The input impedance of this common source inductively degenerated amplifier

can be derived as:
gmL

Z. = sL
te. e,

(2.9)

The last term of this equation is purely real and can be matched to 502 by proper biasing

and sizing as it will be discussed in more details in chapter 3.

Iy

E’—‘-lliﬂh

W |+'3631=
r,
- %“

FIGURE 2.6: Inductively Degenerating MOSFET [1].

In the common gate LNA| the input impedance is approximately 1/g,, when it is loaded
with a large inductor at its source. However, the common-gate LNA can also be biased
via a resistor. Using a resistor is a good option for a wideband design and smaller area.
However, the DC voltage drop across the resistor will reduce the total available headroom
of the amplifier. Furthermore, the NF of the solution will increase by 6 dB which is not
acceptable for high performance receiver designs. On the other hand, using an inductor
consumes larger area and because it is a frequency dependent component it will reduce
the operating bandwidth of the amplifier. However, the linearity and the noise figure
performance of the amplifier is superior without any headroom reduction. Thus, it is a

trade-off between performance and cost.

Vol | [ &n

Zin

Zbias

FIGURE 2.7: Common gate LNA [1].
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2.1.4 Linearity

Nonlinearity of a system is mainly due to the distortion in active components like tran-
sistors. Many measures of linearity are exist, the most commonly used are the 1-dB
compression point (Pygp). Second order intercept point (/P2) and third order intercept
point (I P3) are other two commonly used parameters that represents the linearity perfor-
mance of the amplifier by using the second and third order intermodulation nonlinearity,

respectively [1].

2.1.4.1 The 1-dB Compression Point

A nonlinear system can be approximated as:
y = a1z + agx® + azz® + ... (2.10)

given an input signal

x = Acos(wrt) (2.11)

From equations 2.10 and 2.11, we can extend the output to be as follows:

3 A2 3

2
Yy = az4 + (alA + )cos (th) + a4 cos(2wrt) + a4

2

3&3A

cos(3wrt)  (2.12)

From the above equations we can conclude that for sinusoidal input applied to a non-
linear system, the output exhibits frequency components that are multiples of the input

frequency.

For most of circuits, ag is less than zero. Therefore, the fundamental gain (a1 A + ?’“3T‘43)
will decrease as the input amplitude, A, increase which mean that the output failed to
respond linearly with the input. Figure 2.8 shows that the 1-dB compression point is the
point at which the input signal level causes the small signal gain to drop by 1 dB below
its nominal value.

3azA?
201log | ay + —21dB |

IPigp = /0.145 | % (2.14)

20log | a1 | —1 (2.13)

2.1.4.2 The 3"* Order Intercept Point

When two signals with different frequencies (also known as “two tones”) are applied to a

nonlinear system, many undesired components will be produced at the output because of
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F1GURE 2.8: 1-dB compression point.

the harmonics and intermodulation of these two signals. Some of these undesired signals
have frequencies that are very close to the desired signal. Moreover, in some cases
like it is demonstrated in figure 2.9 the third order intermodulation products, IM3, of
these signals can fall right on the frequency band of desired signal and degrade the overall
performance of the system just like noise. The only difference between the distortion and
the noise is that earlier component is a deterministic signal that can be eliminated using
special techniques, such as dynamic biasing, feedback and feedforward techniques. But
most of these techniques provides limited improvement due to the frequency dependency
[1]. The following equations will give further illustration of the inter-modulation effect
considering the nonlinear system defined by equation 2.10. Assume the two tones input
signal is given by

z = Al cos(wit) + cos(wat)] (2.15)

then the output will be
y = aj A[cos(wit) + cos(wat)]

+ az(Afcos(wit) + cos(wat)])? (2.16)
(A

+ az(Afcos(wyt) + cos(wat)])> + . ..

extracting this equation gives the following terms:

3

Yoy = (a1 4+ SasA ) cos(wit) (2.17)
9&3143

Yws = (a1 A+ ) cos(wat) (2.18)
AS

Youw,tuw, = (@14 + ) cos(2wy + wo)t (2.19)
9a3 A3

Yot = (@14 + —2) cos(2wy £ wi )t (2.20)
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If the desired input signal is at frequency w, and it happens to satisfy w, = 2w; — wo,
then the intermodulation product at 2w; — wy will corrupt the signal as it falls directly
above the desired channel which compromises the received signal quality. “Two-tone”
test is a common method for the non-linearity characterization. Two sinusoidal signals
with the same amplitude, A, are applied to the input. The power level of the applied
tones to the system where their 3rd order inter-modulation product power becomes equal
to the power of tones at the output of the system is defined as “input-referred third-order
intercept point” (IIP3) of the amplifier. Since ITP3 is a weakly nonlinear measure of
the system, it is calculated by extrapolation of data for lower distortion levels as shown
in figure 2.10 [1].

mlL‘? S

""0 m1 rnz n

mo |’|'|‘I l’|‘|2 1}

FIGURE 2.9: Intermodulation in a nonlinear system [1].

The value of ITP3 can be calculated in terms of the nonlinearity coefficients of the

amplifier given in 2.10 as follows:

| a1 I1P3 |=| Zagnp?,?’ | (2.21)

1
11P3 =20log /= | 2 | (2.22)
3 as

For a multi-stage system, the I1P3 of the system is expressed as:

Foui|

{dBim i
P TP

nw —-———t—-=1

201

B
&=
30 I

-50 -40 -30 -20 0 P
(B

FIGURE 2.10: Intercept point for 17P3.
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I | Al A1As . An
IIP3,,s I1IP3; IIP3, I1P3y

(2.23)

where ITP3; and A; (i = 1,2,...N) are the I1P3 and the available power gain of the i
stage, respectively. In order to have a better insight about the linearity performance of a
bandwidth limited (narrowband) receiver and determine the bottlenecks along the chain
in terms of linearity, I7P3 (two-tone test) are applied in two different conditions: in-
band and out-of-band I7P3. In-band signals are the signals fall within the desired signal
band and processed with the highest gain along the chain, which makes the linearity of

the last stage of the receiver more important as can be shown in equation 2.23.

On the other hand, out-of-band I1P3 scenario uses the signals that fall beyond the
desired signal bandwidth. Due to the narrowband response of the system, out-of-band
signals are attenuated in each stage (i.e effectively lower or negative gain), which makes
the linearity of the first stage blocks more important. Indeed, due to the frequency
allocation, most of the large blockers in a wireless system exist at higher frequency offsets
(like TV signals for GSM network). Thus, linearity of the LNA plays an important role

in the overall linearity performance of the system.

2.1.4.3 The 2" Order Intercept Point

Similar to I1P3, I1P2 is also defined according to a two-tone test applied to a non-linear
system. By extracting equation 2.16, a second order intermodulation, /M2, component

arises and causes linearity problems.
Ywitws = a2A2 cos(w1 + U)g) (2.24)

Equation 2.24 shows that the amplitude of this component is rising by double of the
slope of the fundamental component on log scale. I1P2 is the power level of the applied

2nd

tones to the system where their order inter-modulation product power becomes equal

to the power of tones at the output of the system as shown in figure 2.11.

The IIP2 problem in LNA is mainly due to the IM2 products (w; £ wsg) that fall
within the desired RF signal bandwidth. Especially, the blockers at Frx £+ Fryx mix
with the large TX signal (transceiver own signal) and create a tone within the desired
RF signal bandwidth that lowers the signal quality of the receiver. Futhermore, IM2
components that fall within the IF band of the receiver as shown in figure 2.12 can lower
the signal quality of the receiver as well if they are not eliminated at the output of the
LNA by using a high pass filter. Since, LNAs are generally AC-coupled to the mixers
in narrowband receivers, high pass filter characteristics occur without any extra cost.

However, this issue still requires extra caution for wide-band receivers. Generally I1P2
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F1GURE 2.11: Second-order intercept point.

performance of a single ended LNA is much worse than the 11 P3 performance. Thus, this
makes the use of differential and well-matched LNA necessary. Using differential LNAs,
ideally, achieve infinite I1P2 because of the symmetry of the circuit. In reality, however,
asymmetry of the circuit due to some random mismatch causes the ITP2 to be finite
but still quite high. Nonetheless, a differential LNA requires a differential input, thus
doubles the number of pins and matching components along with the necessity of single
ended to differential signal conversion from the antenna port. An off-chip or on-chip
balun transformer can be used to convert the single ended antenna to differential input
LNA; off-chip balun are low loss and have less effect on the noise figure of the circuit
but they consume large area and have higher cost. On the other hand, on-chip baluns
have higher loss and difficult to design. Fortunately, most of the duplexers that are used
to provide separation between the RX and TX paths already provide a single-ended to
differential conversion from the antenna port to the RX inputs. However, differential
LNA still requires two pins on the package and higher number of matching components
which is one of the bottlenecks for the next-generation wireless standards as the number

of frequency bands and consequently narrowband LNAs constantly increases.

Beaat
Cnmpunan?
Interl‘oters

Desired
{:han ned .. Feadthrough
* o w
cos iy qt

FIGURE 2.12: Effect of even-distortion on direct conversion [1].
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2.2 LNA Topologies

This section presents a comparative study of some of the state-of-art LNA design and

investigation about the pros and cons of each topology.

2.2.1 Conventional Common Source Topology

A common-source (CS) LNA is one of the most widely used architectures in RF design.
This architecture can achieve a remarkable gain while keeping the noise figure at a very
low levels. Matching the input at the gate of the transistor in CS-LNA can be achieved
by using a source degeneration inductor which produces a real impedance that can be
matched to the antenna impedance by proper biasing and sizing as we will discuss later.
The main drawback of this topology is the area consumption. The on-chip inductors
used for loading and degenerating purposes occupy a huge area on the silicon while
the off-chip inductor used to improve the matching between the antenna and the input
increases the area of the PCB. Furthermore, most of the time designers have to use
both internal and external components to provide a sufficient matching at the frequency
of interest. Beside this, the use of inductors in matching causes the input impedance
to be frequency dependent which makes it a narrowband LNA. Furthermore, because
of the huge increase in demand of multi-standard receivers the number of used LNA
in a single receiver increases to satisfy this variety in frequency bands which requires
reduction in area and power consumption. This topology introduces a trade-off between

the performance (i.e. noise figure and gain) and the cost (i.e the area of chip and PCB).
Input matching

The input impedance of the CS LNA that has a source degeneration inductor as shown

in figure 2.13 can be written as follows:

I
Vo = —2 + (I + gmVys)sL (2.25)
5sCgs1
I,
Vs = 2.26
g SCgsl ( )
v, 1 L
Zin = -% = 4 sLy + It (2.27)
Ix S gsl gsl

where Cys1 and gy, are the parasitic gate-to-source capacitance and the trans-conductance

of M7, respectively. Equation 2.27 shows that input matching can achieved by setting

the real part of it (%) to be equal to R,. In recent technologies, the desired value

of the degeneration inductor is very small and it can not be implemented with these

small values. Practically, this inductance can be realized using the bond wires between
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the chip and the pad in the package. However, this inductance can still be higher than
the required values for certain frequency bands. To obtain a 50€) impedance an external
parallel capacitor to the gate-to-source capacitor, Cys, of the transistor is connected to

reduce the value of the transit frequency, wr, which is given by wp = &™.
gs

Iy

J: |+5531T -

‘l-’_f

= %“

FIGURE 2.13: Input impedance of inductively-degenerated CS stage [1].

Noise figure

One of the main advantage of the CS LNA with inductive degeneration is its low noise.
The NF is mainly dominated by the thermal noise of the input transistor. Furthermore,
the use of external matching network provides slightly higher gain than unity, which
improves the noise and gain performance of the CS LNA. NF can be calculated with
the following equations neglecting the channel-length modulation effect, body effect, and

Cap for simplicity.

¢ o

N

= =

FIGURE 2.14: Equivalent circuit for NF analysis.

Vin = Vgs5Cgs(Rs + sLg) + Vgs + sLs(1o + VyssCys) (2.28)

I, = gmVys +in (2.29)
substituting for V,, from equation 2.29 in equation 2.28:

1+ 52Cys(Ls + Ly) + RssCys

Vin = sLsl, + :
" e gm(Io_Zn)

(2.30)
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where 1+82095(L5+Lg) = 0 at resonance frequency, w,, at the best matching condition.

Vin = jo(Lowo + Re—22) — jinRy S, (2.31)

ImWo 9m

We can calculate the output noise current by setting V;,, = 0 in equation 2.31:

R
Io,n =i L (232)
Rt
From the input matching requirement R = ggis, we get:
13, = KTvgm (2.33)

From equation 2.31, the trans-conductance of the circuit can be derived as follows:

I,  gn 1 wr 1

Vin  woCys 2Rs  w, 2R

(2.34)

where wr = & is the transit frequency. From the equations above we get that the noise
gs

figure of the CS LNA with inductive degeneration:

kT~gm, (2st0

NF =1
T TR, wr

2 Wo \ 2
=14 guRa(52) (2.35)

Looking at the output node, we can use resistive or inductive load. Both of these strate-
gies have their own pros and cons. The resistive load will have a smaller area consumption
but on the other hand it will produce noise that will be added to the noise of the input

transistor and causes an increase in the noise figure of the circuit.

Voo

Vot
I =1

Vi | M,

FI1GURE 2.15: Inductive load and degeneration CS stage.

Another issue is that using a passive resistance at the output will make the circuit operate
at a lower frequency because of the bandwidth specified by the feedback capacitance

between the gate and drain, Cgp. For the new technologies and as the voltage supply is
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getting lower, the gain will decrease as stated in equation 2.36.

2Ip VRp _ 2Vrp
Vov ID Vov

| Ay |[= gmRp = (2.36)

Alternatively, when using an inductor load the voltage drop across it is ideally zero which
is suitable for operating with lower voltage supply as it provides higher headroom and
consequently better linearity especially for in-band blockers. Moreover, as discussed in
section 2.1.1.3 the inductor does not produce noise (ideally) which helps the designer
to lower the noise figure as much as possible. The drawback of this inductive load is
it consumes a huge area on chip and it may cause an instability issue by resonating
with the gate-to-drain capacitance (feedback capacitance), Cap, and produce a negative

resistance at some frequencies.

To overcome the instability and poor isolation between the input and output, cascode
transistor is used. This transistor provides a good isolation between the input and the
output by reducing the miller capacitance effect of the feedback capacitor between the
input and output, Cgd, as described in equations 2.37 and 2.38. The input capacitance
introduced by the miller effect on the capacitor Cyq in a CS configuration without cascode
is higher than its counterpart when using cascode transistor since | A, cs |= gm.csRL

in the following formula.
Cuitter.cs = (1+ | Av.cs [)Cep (2.37)

C]\/[iller,Cascode = <1+ ’ Av,Cascode DCGD = 261GD (238)

The cascode device enhances the stability of the system as well since it reduces the loop
gain that is formed by the feedback capacitor of CS LNA. The noise added by cascode
transistor can be generally neglected at frequency of operation since it has a path to the
ground through a low impedance produced by the gate to source capacitance, Cys, of the

cascode device as shown in figure 2.16.

FI1GURE 2.16: Noise contribution of cascode device [1].



Chapter 2. State of Art 19

The design presented in [4] is conventional cascode common source LNA with two on-

chip inductors used as a load impedance and source degeneration. Figure 2.17 shows

Vop
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FIGURE 2.17: Proposed design in [4].

that this design consists of three stages: input matching network, core amplifier, and
output buffer to match the output impedance. Lg and Lg are used for matching and

their values are chosen according to equation 2.27 to achieve an operating frequency
-1

Cys (Lg+Ls)
the gain and produce a thermal noise added to the noise figure of the circuit. However,

Wy = . The parasitic resistance of the degeneration inductor Lg will degrade

the linearity will be better because it will act as a feedback as shown in equation 2.39

ngL

A, |= =2
| | 1+ gmZs

(2.39)
where Z is the load impedance and Zg is the degeneration impedance at the frequency of
interest. The core of the amplifier consists of two transistors, My and Ms, and the output
tank circuit (C7 and Lp) that resonates at the frequency of interest. The cascode device,
Mo, is used to reduce the Miller effect on capacitor Cgp1 between the gate and drain
of the common source stage by reducing the voltage gain of this stage to approximately
Z:—:z; which make this design more stable in higher frequency due to the isolation between
output and input. My and My are used as a buffer to match the output impedance to
a 50f) impedance. The diode connected devices, M3 and Mg, are used for mirroring
the current and bias the core amplifier and output buffer. The design in this article
implemented in 0.18um CMOS technology and operates at 2.4GHz and has a gain of

14.5dB while achieving a 2.8dB noise figure and —7.8dBm IIP3. It occupies an area
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of 0.15mm? and consumes a power of 5mW for the core of the amplifier from a 1.8V

voltage supply.

2.2.2 Conventional Common Gate Stage

Common Gate, CG, stage is more attractive in LNA design because of its resistive input
impedance that makes it easy to match the input to a 50€2 antenna without a need of an
external matching component which reduces the cost of the overall system design. Fur-
thermore, since it is not necessary to use any extra frequency dependent component such
as inductors and capacitors for the impedance matching, the design becomes a wideband
design and provides a very good power transfer from antenna to the LNA for a wide fre-
quency range. This advantage has a great benefit in the wireless communication systems
nowadays because of the multi-standard requirements in the receiver design. The main

drawback is its high noise figure compared to the common source topology.

Input Impedance

The input impedance of the CG is R, = ﬁ neglecting the channel length modulation
and body effect. Thus, the LNA can be matched with a proper sizing of the input
transistor to have R; = gim = 50€). This analysis is based on neglecting the channel-
length modulation and Cys capacitance which will affect the input impedance at in high
frequencies. The input impedance of the CG in the presence of r, is given by equation
2.41 and shown in figure 2.18. This equation shows that the input impedance is a function
of load impedance as well higher than 50€) since a higher load impedance is desired for

higher gain.

FIGURE 2.18: Input impedance of CG stage [1].
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To overcome this issue, a cascode device is used to increase the output-input isolation of
the amplifier and make its gain less dependent on the output load. This will also give us
more freedom on satisfying the matching requirements while increasing the gain of the
amplifier and as a result of this the input impedance will be lower. The input impedance

of the cascode CG stage is given by equation 2.42

Vx =1o(Ix — gmVx) + Ix Ry (2.40)
Zin = Pt (2.41)
1+ gmro
1 R 1
Rip ~ —— + ! + (2.42)

gm1 Im1T019m27 02 Im1To19Gm?2

The last two terms in equation 2.42 are neglected since ¢m1701gmaro2 > R1 and gﬁ >
m. Thus, R;, ~ gﬁ. As a reminder, the impedance due to the Cys and the source
inductor (in case an in inductor is used to provide DC current path) are not included.
These two impedances may have significant effects on the input impedance depending

on the frequency of operation.
Noise Figure

For the NF analysis of CG stage, the thermal noise of M; is modeled as a voltage source

at the gate of the transistor, ﬁ = 4’;%. The output noise of the circuit due to My

Voo
Ry

)
Vn,aui

7 4kTy
- gm

al-

FIGURE 2.19: Noise analysis of CG-LNA [1].

and R; is given by equation 2.43

M g \1+ gmRs

2
> + 4kTRy (2.43)

NF =14 Vo (2.44)
AKTR, A2
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where A, is the gain from the antenna to the output of LNA given, at perfect matching

condition, by equation 2.45
1

4R,

NF =
Ry

(2.46)

From equation 2.46, the NF of CG stage is at least 3dB (with v ~ 1) if 4}?15 < 147. Using
cascode device will not affect the noise figure that much because the noise contribution
of the cascode device can be neglected since the input transistor acts as a degeneration
as shown in figure 2.16.

The proposed design in [7] is an inductorless gm-boosted common gate LNA. This design
consists of two common gate amplifiers, one of them is the main input amplifier consists
of a CG transistor and a passive resistive load and the other one acts as a gm-boosted
amplifier as shown in figure 2.20.

V
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FIGURE 2.20: The proposed design presented in [7].

The two capacitors, Ca, are used for cross coupling to boost the gm-boost amplifier
without extra DC power consumption, Py.. The diode connected transistors, Mz, and
Msp, are used to avoid an excessive voltage drop through the load resistor R3. CC4
capacitors cancel the effect of the Cgp of Mj4_p transistors and enhance the gain
bandwidth of the circuit. To ensure stability of the LNA, the value of these capacitors,

Ccy4, must be carefully chosen. The equivalent gain and input impedance of the design
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are given in equations 2.47 and 2.48 where Cco assumed as an AC short circuit in high
frequency.
Ay & gm1R1(1 + 2gm3R3) (2.47)
1
0 gt (1+ 2gmaRs) + 2gms) (249
This design has been implemented in 0.13um CMOS technology achieves a gain of 20d B
with a noise figure of 4dB and IIP3 —12dBm. It consumes 1.32mW in an area of

0.007mm2.

Vdd

V"if:

FIGURE 2.21: The proposed design presented in [8].

The paper in [8] presents a common gate LNA with a capacitive-cross coupling to improve
the noise figure and reduce the power consumption without degrading the linearity and
stability of the conventional common gate amplifier. The circuit shown in figure 2.21
presents the CCC-CGLNA introduced in [8]. This circuit designed and implemented in
180nm RF CMOS process and operates at a frequency of 6GHz. M; and My are two
input transistors biased and sized properly to a get a good input matching. The cascode
transistors, M3 and My, are used to increase the gain and enhance the reverse isolation
between output and input. The two capacitors, C¢, are used to cross couple M; and M.

LS are two on-chip inductors used to tune out the total capacitances at the source of the
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input transistors including the pad capacitances. This design achieves a gain of 7.1dB
and a noise figure of 3dB. The measured I1P3 is 11.4dBm and the power consumption
is 6.48mW from a 1.8V supply voltage. The area consumption is 0.95mm? including

pads.
Hybrid Common Source — Common Gate LNA

A noise reduction and linearity improvement technique for a differential cascode CS-LNA
was proposed in [5]. The proposed circuit is shown in figure 2.22 | a cascode CS-LNA
treated as CS-CG two stage amplifier.

Voo
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FIGURE 2.22: The proposed design presented in [5].

The first stage as a convention CS amplifier with the source inductive degeneration. The
cascode device acts as a second stage CG amplifier. This CG stage is implemented with
a capacitive cross-coupled technique using two capacitors, CC, connected between the

source and gate of the cascode devices as shown in figure 2.23.

The inductors, L, shown in this figure is substituted by an inductor, L,4q, connected to
the gate of the transistor in this proposed design. Those inductors are added to reduce
the noise and nonlinearity contributions of the cascode transistors. The inductor L,gq
is implemented as a bonding wire inductor. The capacitive cross-coupling boost the

transconductance of the cascode transistors .

2Co

. 2.49
Cys + CcT™ (2.49)

Gmeff =



Chapter 2. State of Art 25

i i
1 \_4| |_J‘\'{II
i

CH_" Vv
A s . in

-
Ty

kel

FIGURE 2.23: CCC CG-LNA schematic in [5].

o~
-,

when Co > Cys, the effective transconductance is doubled, and the input capacitance

at the source of the CG stage is increased by 4 times [5].

G
Cin = 2;”7"?0% (2.50)
m

The design was implemented in TSMC 0.35um CMOS technology achieving power gain
of 8.6dB at 2.2GHz and noise figure equals 1.92dB with I1P3 —2.55dBm consuming

16.2mW in an active area of 1.3mm?.

2.2.3 Active/Passive Feedback LNA

Inductor-less LNAs are generally based on common-gate or shunt-feedback topologies.
A feedback can be used with a CS stage to match the input impedance using the trans-
conductance of the input amplifier if the frequency of operation is lower than the transit
frequency, fr, of the transistor by an order of magnitude. The feedback device can be
passive or active. The passive feedback does not consume power which makes it a good
alternative in low power designs. Figure 2.24 shows the simplest CS stage with resistive
feedback LNA. Neglecting the channel-length modulation, the input impedance of this

circuit can be given by

. Rln

FIGURE 2.24: CS stage with resistive feedback.
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S (251)

‘?"/:t =1 — gmiRy (2.52)

Lip = V‘mg Yo _1- g”gff “y, (2.53)
Rin = giﬂ (2.54)

For perfect matching, the gain of the amplifier becomes

A, = ;( - Zﬁ) (2.55)

The noise figure of this topology is given in [1] by equation 2.56:

4R
NF =14 2= +7+99m2Rs (2.56)
!

4

From the above equation, the NF exceeds 3dB for v ~ 1 even if If;s +vgme Ry < 1.

The design shown in Figure 2.25 is an inductor-less low noise amplifier that is presented
in [9] and implemented in 90nm CMOS using resistive feedback and non-linearity can-

cellation.

FI1GURE 2.25: The proposed schematic of resistive feedback LNA with non-linearity
cancellation [9].

Transistors M1, My and resistor Ry form a gm-enhanced cascode amplifier. The output

is fed back to the input through a source follower My, a level shifter M3, and the feedback
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resistor Rpp. The level shifter M3 is used to bias the gm-enhanced cascode by forming a
DC feedback loop. To cancel the I P3 limiting non-linearity of transistor M2, transistor
Mg is used with a little effect on the gain and input matching of the LNA. M5 and R3 are
used to drive a 502 output buffer. This design operates from 0.5 — 7.25G H z achieving
gain of 25.2dB with NF less than 2.5dB and OIP3 13dB in low noise mode. In high
linearity mode, the operation frequency range is 0.5 — 6.2GHz with gain 24.4dB and
NF less than 3.1dB and OIP3 of 22dB. The power consumption is 42mW from a 2.7V

supply in an active area of 0.016mm?.

Multiple feedback paths are also used in some designs to have more flexibility in biasing
and sizing the input and cascode transistors. The design presented in [10] and shown

in figure 2.26 is using three feedback paths to boost the performance. The design is a
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FIGURE 2.26: The proposed design presented in [10].

fully differential CG-LNA with multiple feedback paths. Using capacitive-cross coupling
technique, indeed, increase the effective transconductance of the amplifier as described in
one of the implemented designs discussed in section 2.2.2. But at the same time, restrict
the value of transconductance to be 10mS for a 502 impedance matching which limit
the gain. Another positive feedback loop can be added to the CCC CG-LNA to increase
the gain by adding degree of freedom when choosing the value of the transconductance.
This feedback is shown in the single ended model in figure 2.27 which the positive loop
is implemented with Ms. By using this negative-positive feedback paths, the input
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impedance of the design is increased to be

1
gm1(1+ Anec)(1 — Apos)

Rip = (2.57)

where Apos = gma Ry is the positive feedback gain, which varies from 0 to 1 for stability
and Aygg =~ 1 which comes from the capacitor ratio in the CCC technique.

¥ i V!'H}

3
v, q__D_“: M,

M, J
-AneG
R
o
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FIGURE 2.27: Negative-positive feedback in CG-LNA [10].

By this technique, the design overcomes the restriction of g1 = 10mS for an input
impedance of 50). The g,,1 can be increased and, hence, increasing the gain. The main
idea of the proposed design in [10] is to add another positive feedback path which add
more flexibility on choosing the LNA transconductance that achieves the minimum noise
figure. The capacitive cross coupled transistor, Ms, creates the second positive feedback
path beside the one created by Ma as shown in the single-ended model in figure 2.28. By
this technique, the input impedance of the CG-LNA is increased and the input matching

condition is given by

1
R, = 2.58
gml(1+ Angc)(1 — Apos — Bpos) (2.58)

where Axpa =1, Apos = gme R, and Bpog = 299"#31. Thus, Appos and Bpog give the
flexibility of choosing g,,1 that achieves high gain and optimum noise figure. A prototype
of this design is fabricated in 90nm CMOS technology. The measured voltage gain is
higher than 20dB in a frequency range 0.1 — 1.77GHz. The minimum measured noise
figure is 1.85dB and an IIP3 of —2.85dBm. The power consumption of the LNA is

2.8mW form a 2V voltage supply and it occupies an area of 0.03mm?.
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FIGURE 2.28: Simplified single-ended model of the proposed design [10].
2.2.4 Noise-Canceling LNA

From the analysis of the above topologies we found that the noise in the circuit comes
from three main sources: the noise of Rg, the noise of the input transistor, and the
noise of the resistive load whether it is active or passive load. The aim of this topology,
noise-cancelling LNA, is to cancel the second term by identifying two nodes at which the
signal is in-phase and the noise is out-of-phase and then sum their voltage with proper
scaling such that the signal components add and the noise components cancel each other

as demonstrated in figure 2.29.  Figure 2.30 shows the implementation of the noise-

'
(—>
]

3 T

FIGURE 2.29: Conceptual illustration of noise cancelling [11].

cancelling LNA using one CS amplifier, one CS amplifier with resistive feedback, and a
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source follower. The only path for I;;, is through Ry which means that nodes X and Y
will have out-of-phase signals due to the inverting amplifier and in-phase noise due to

the path for the noise current from the gate of the transistor [11]. As discussed in the

]ill

FIGURE 2.30: Noise cancelling LNA implementation [11].

previous section, the input impedance and the gain of the resistive feedback common
source stage is given by equations 2.54 and 2.55 assuming perfect matching.

The total rms output noise voltage can be written as
Vn,out = Vn,y + Vn,z = me + AvQVn@ (259)

Vn,out = In(Rf + Rs) + AUQITLRS (260)

To have a total noise-cancelling, V;, out = 0.

Ry
Ap=—(1+— 2.61
a=-(1+ ) (2.61)
From Figure 2.30, the gain A, = —g’”% which gives the relation between Mgg and
Mydqder by the following equation
R
9m,CS = 9m,adder (1 + ;) (262)
S

In [12] a wideband inductor-less LNA is presented. The design consists of a CG stage
in parallel with a scaled-admittance CS stage. Figure 2.31 shows the proposed design
presented in [12], the circuit inside the dashed box is implemented on silicon. The CS
stage is scaled n-times up to lower the noise figure, the output impedance of the CG and
CS stages are not equal because of that. Two source followers buffer, Mgrog and Mgrcosg,
are used to balance the output impedance of those two stages. To get a balanced output

operation, the DC level at the gate of the two buffers should be equal. To achieve this, a
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scaled replica of CG stages are used to generate the DC level and a capacitor is used to
AC-couple the output of the CS stage to its source follower. This design is implemented
in 65nm CMOS process and it achieves a voltage gain of 15dB for frequency range from
100M Hz to 2.5GH z with a NF below 3.5dB in an active area of 0.009mm?2. A CG-CS
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FIGURE 2.31: The proposed design presented in [12].

LNA is one of the most popular topologies in noise cancelling LNA. The idea behind

it is simply emphasized in figure 2.32.  The thermal channel noise current modeled

) 5

+ Ve - 'hw\d\

FIGURE 2.32: CG-CS noise cancelling LNA [11].

between the input and output of the common gate transistor creates two noise voltages
at the output node of the CG device and the input node of the LNA. These voltages

are correlated and out-of-phase. The inverting CS amplifier will invert the phase of the
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noise voltage of the CG device presented at its input and since the output is differential,

the noise will be cancelled.
Zz’n

=" R 2.63
Unin = 7 p-in B (2.63)

__“m
Zin + Rs

The output noise voltage, vy out produced by the channel noise of the CG stage is given
by

Un,0G = inRoa (2.64)

Onont = — =2 R — 2
n,out Zin + R, nilCG

To have a full noise cancellation at the output, the gain of the common source stage is

— 0, R A, 2.
Z —|—R5Z RsAy s (2.65)

restricted to be
Reca
Ry

The idea presented in [13] is mainly to use a local negative feedback between the parallel
CG-CS LNA in the conventional noise-cancelling LNA. This feedback will lead to a higher

gain and lower noise figure under low power and voltage constraints. Figure 2.33 shows

Aycs = — (2.66)

the proposed design presented in this article.  The g, of Ms is boosted by a factor

Ri14 Rz

] e L,
Rpz

:I Cc
Rs=50 M- ,,J'_ ™~
i - .

’ 3
Feedback

)
Boosting -|I:IM1

&

gnd

FIGURE 2.33: The proposed design presented in [13].

of (1 + AVM) where Ay s is the loop gain of the negative feedback loop and given by
R S
9m?2 (1+AVM

the opportunity to reduce the transconductance of Ms, g,,2, which decrease the power

2.67. Thus, the input impedance will be equal to R;, = . This boosting give

consumption and noise figure.

_ Im1 + gma
9m3

Avm (2.67)
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The gain of this LNA will be increased to be

Av = gm2(1 + Avr)Rr1 + (gm1 + gma) Ri2 (2.68)

The design is implemented in 0.13um RF CMOS process and achieved a measured gain
of 19dB and a noise figure of 2.8 — 3.4dB over a —3dB bandwidth of 0.2 - 3.8GHz. The
area consumed by the design is 0.025mm? with a power consumption of 5.7mW from

1V supply voltage.

Table 2.1 shows a comparison between the different designs discussed in this section.

TABLE 2.1: Comparison between discussed designs.
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Chapter 3

Low Noise Amplifier Design

In this project, two LNA designs have been implemented in UMC 65nm CMOS tech-
nology. One of them is the conventional cascode common source LNA with inductive
degeneration and RLC tank load impedance. However, this architecture consumes large
area due to the on- and off-chip inductors. It is preferable in wireless communication
chips because of its high gain and low noise figure. The area consumption of CS LNA
does not make it a good candidate in the multiband receivers as the number of LNAs in
single chip is getting higher but it is still one of the most preferable topologies when it
comes to narrowband receivers. The second design is a new approach common gate based
design to reduce the area and power consumption while, at the same time, achieving a
comparative performance. A negative feedback has been used in this design to boost
the input transconductance which lead to an increase in the gain and decrease in noise
figure as well. The boosted transconductance results in reducing the power consumption

compared to the conventional common gate design.

3.1 Cascode Common Source with Inductive Degeneration
LNA Design

This is the most common used topology in LNA design. It has been chosen due to its
simplicity and high performance. CS-LNA can achieve a very high gain and low noise
figure at the same time. However, the main drawback of it is its large area because of
the on- and off-chip inductors used for degeneration, load, and matching purposes. A

detailed analysis of this topology is given in section 2.2.1.

34
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Input Impedance and Matching Network
The input impedance of the cascode CS stage with inductive degeneration inductor is

discussed in details in section 2.2.1 and is given by equation 3.1.

1 gmlL
Lin = L 1
Cos +sL + Coe (3.1)
Zin Bm
TEGE
L

F1GURE 3.1: Input impedance of CS-LNA with inductive degeneration.

To obtain a good matching, T-matching network is used off-chip. The matching network
consists of two inductors, one shunted, L;,, and one in series with the gate, L, and one
capacitor, Cj,, in series with the gate to provide DC block for proper biasing of the LNA.

Figure 3.2 shows the used network.

Matching Network

FI1GURE 3.2: Off-chip matching network.
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Gain
The gain of this circuit is given by

Vout Rm

A, = Lout _ _ ot (Rout | Z 3.2
ot (o | 22) 32
Rout = 101 + 702 + gmaTo1To2 (33)

1 1
Zp =< = A
- 34

1 - 1
Y + jwC7, <1 — w2L0L>
Noise Figure

There are three sources of noise in this LNA, thermal noise from the input transistor
and cascode transistor, M7 and Ms , and the other source is the load resistor, Ry, which
produce a thermal noise as well. The flicker noise is neglected in the analysis since
the design is operated at high frequency. The thermal noise of cascode device can be
neglected because of the input transistor acts like a degeneration with high resistance,
To1, to the cascode transistor so the noise produced by M, can be neglected with respect
to other sources. Noise figure analysis has been described in details in section 2.2.1.
The noise figure is given by equation 2.35. The off-chip matching network used in this
design has a good impact in noise. It produces a gain slightly higher than unity from

the antenna to the input of LNA which in return reduce the noise figure of the circuit.
Circuit Implementation

Figure 3.3 shows a simplified schematic of the proposed design. The LNA has chosen to
be fully differential in order to increase the gain and decrease the even-order distortion
of the input signals. M; and My are the input CS-stage transistors while M3 and My
are cascode transistors used to increase the gain, input-output isolation, and decrease
the input capacitance as the Miller capacitance has been reduced. Equations 2.37 and

2.38 show how the cascode device can reduce the input capacitance by reducing the gain
_gmos

9m,cascode

between the gate and drain of input transistor to be Ay cascode =

Ly is a differential inductor used for source degeneration. It lowers the gain of the LNA
at high frequency as it acts like a negative feedback and thus improve the linearity.
Furthermore it introduces the real part of the input impedance Z;,. This inductor is an

on-chip inductor since its value is low.

The output impedance consists of a parallel RLC circuit which resonates at the frequency
of operation allowing the gain to reach its peak value. A number of external control bits
are used to control the values of output resistors and capacitors to change the gain of

LNA and the resonant frequency of the load tank in order to maintain a good linearity for
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VDDA

F1GURE 3.3: Simplified schematic for the proposed cascoded CS-stage LNA.

the overall receiver and maximize the selectivity of the LNA depending on the frequency

of the desired signal being received. Another controllability is added to the design in

order to reduce the power consumption of the circuit by reducing the effective width of

the input transistors with the cost of reduced gain and increased NF. Figure 3.4 shows

the complete proposed schematic.

The design is implemented in UMC 65nm CMOS technology and operates at a frequency
of 1.9GH z (PCS band). It achieves a gain higher than 27dB and noise figure of 2.3dB.
The LNA consumes a power less than 5.5mW from a 1.2V supply occupying an area of

0.1mm?. The design parameters are summarized in table 3.1.

TABLE 3.1: Design parameters of CS-LNA.

H Parameters Value Multiplier H
Ml, MQ %pm 8
M3, My, Ms, Mg aspm 8
Ml,casa MQ,CULSC %Mm 8
MS,casc; M4,casc;M5,casc; Mﬁ,casc %Mm 8
Ry, 1.3 - 16KQ -
Cr 100 — 300f F -
Ly 13nH -
Ll 1nH -
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F1GURE 3.4: Full schematic of proposed CS-LNA.
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F1aUre 3.5: Layout of proposed CS-LNA.
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Simulation Results

Simulations of the proposed design have been done using Cadence Virtuoso. As the
load is programmable, we can control the gain and noise figure achieved by this LNA by
changing the external control bits and hence, changing the output load. A simulation
for gain and noise figure for all resistive load values is shown in figures 3.6 and 3.7,
respectively. We can notice that the gain can change from 23.3dB to 27.8dB with a
noise figure between 2.3 — 2.4dB.

30.0
* Highest RL: 1.9GHz 27.805dB

275

25.0

PE dx: 0.0Hz
dy: 4.47151dB

225 s: infinity

Gain (d8)

20.0

17.5

15.0

12.5

=
-
vl
-
vl
=
v
o
™
]
i
v
vl

Frequency (GHz)

FIGURE 3.6: Gain simulation results for variable output load.
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F1GURE 3.7: Noise simulation results for variable output load.
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The external control bits of the input and cascode transistors can change the current
consumption of the design by switching on and off some of the input transistors and
changing the effective transconductance. Figures 3.8 and 3.9 show the simulation results
of gain and noise figure with respect to current consumption.The power consumption

can have the values 3.32mW, 4.3mW , and 5.26mW.

"

e

=]
|

A Highest current: 1.9GHz 27 8051dE
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F1GURE 3.8: Gain simulation results for variable power consumption.
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F1GURE 3.9: Noise simulation results for variable power consumption.

As shown form the results, the gain and noise figure are getting better when consuming

more power. This tradeoff between noise figure, gain and power consumption is expected
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from the analysis given in section 2.2.1. Figures 3.10 and 3.11 show the simulation results
for gain and noise figure of the LNA before and after the extraction at its default control
settings. The extracted results are slightly different than the schematic ones because
of the parasitic resistances and capacitances produced by metal wiring during layout.
Post-layout achieved gain is higher than the original gain by 0.5dB while the noise figure
still the same. The slight increase in gain is expected to be due to the difference in RF
models with multiple devices and converged RF transistors in actual layout.

285

A Extracted Gain: 1.9GHz 28.33493dB

A% dx: 0.0Hz
dy: 520,8408mdB
s infinity

2B.0

B Gain: 1.9GHz 27.805009dB

27.5

27.0

Gain (dB)

26.5

26.0

25.5

1.9 1.95 2.0
Frequency (GHz)

H
]
e
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FIGURE 3.10: Gain simulation results for CSLNA.
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FIGURE 3.11: Noise simulation results for CSLNA.
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S11 shows how good is the matching between the input impedance and the impedance
of the antenna. Simulation results of Si; are presented in figure 3.12. The extracted
capacitors and resistors changes the input impedance which in accordance lead to a
change in S7; results . The use of external matching network gives the design more
flexibility to change the values of capacitors and inductors in order to have best matching
condition for all frequencies in personal communication service, PCS, band (1900M H z

~ 1990M Hz).

-2.5

1 S11
4 — Extracted_Si1
5.0 - \\\-\\
-7.5 "
@ 1
=-10.0 o
— i
%3]
125
-15.0 —_—
-17.5 -
18 1.85 1.9 195 20

Frequency (GHz)

FIGURE 3.12: S; simulation results for CSLNA.

The input-referred intercept point, II1P3, for the proposed common source design is
simulated using a two-tone test for a 1.9G H z operating frequency. The two tones are
applied with the same amplitude and a frequency offset of 10M Hz. An IIP3 value of
0.45dBm is obtained as shown in figure 3.13.
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300

Input Referred IP3 = 419,812m

52,0+

(derr)

-134.0 +

-175.0 -

50.0 -40.0 -30.0 -20.0 -10.0 0.0
IIP3 (dBm)

FIGURE 3.13: IIP3 simulation results for CSLNA.
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3.2 Cascode Common Gate Capacitive Cross Coupled LNA
Design

Common gate LNA is widely used for the applications that need wideband input match-
ing. On the other side, the noise figure of this topology is higher than that of the CS
topology and the gain is limited since the input transconductance is chosen to not ex-
ceed gy = R% = 20mS. The design proposed in this section uses a negative feedback
technique to break the trade-off between the input impedance and the noise figure and
gain. As shown in section 2.2.2, the minimum noise figure that can be achieved with

conventional CG LNA neglecting the noise contribution of the load is given by

v

Imivs

F=~1+ (3.5)
which gives a noise figure ~ 3dB at perfect matching, g, Rs = 1. From equation 3.5,
the only way to decrease the NF of CG-LNA is to increase its g,,. However, the input
matching will be deteriorated . Gm-boosted technique is used to increase the effective
transconductance and as a result, reducing the noise figure [14]. The circuit in figure
3.14 shows a gm-boosting technique using a negative feedback amplifier between the
source and gate of the input transistor. This circuit has an effective transconductance of

(1 + A) 9gm, and its noise factor is reduced to

=

Fi1cURrE 3.14: Simplified G,,,-boosted CGLNA.

And to match the input, Rs; = W) then the noise factor will be
am
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g
=1+———= 3.7
(17 4) 37)
which means that the thermal noise contribution of the input transistor is decreased by
the factor (14 A). The inverting amplifier stage can be implemented using active stage

but this will contribute to the noise figure of the circuit. Because of this, passive methods

for gm-boosting is more attractive [8].

The use of capacitive cross-coupling technique, CCCT, can be seen as a gate voltage
booster. It limits the boosting gain to A = 1 without increasing the DC power which
make it a good choice for low power applications [7]. Figure 3.15 shows the use of CCCT
in a fully differential CG-LNA.

C1
A= ——— 3.8
Cl + Cgs ( )
M1 M2
-‘1 1 ":‘ 2 e
R Re
Vi YVi-
FIGURE 3.15: G,,-boosted CGLNA [14].
And since C7 > Cys, then A ~ 1 and the noise factor and gain are given by
F:1+% (3.9)
A=GperrRr =29 Ry, (3.10)

Equation 3.10 shows that while consuming the same amount of current, the CCC CG-
LNA provides double gain when compared to the conventional CG-LNA. Hence, the CCC
CG-LNA can achieve the same gain with a lower noise figure while reducing the power
consumption. From the small signal model shown in figure 3.16, the input impedance

can be found by the following equations:
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Vin
()
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Gy lin G,
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gmvg-ﬂ Q‘ngsz
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-
FIGURE 3.16: Small signal analysis of CCC CG-LNA [15].
vs
Ringiff = — (3.11)
Lin
where i;, is given by:
. 1
Yin = Vin (SCgsl + SCgSQ + o+ gmz) (312)

The two CCC capacitors are considered as short circuit in our analysis. Since both the

differential amplifiers have the same parameters and they are biased and sized with same

values, then Cys1 = Cys2 = Cys and by substituting in equations 3.11 and 3.12:

1
R aipp —
in,dif f 2SCgs + ﬁ + 9mi
R Rindiff _ 1
in 2 45Cqs + 51— + 29mi

The resonance frequency is given by

1
4C,s L,

Wy =

And at that frequency the input impedance of this topology is

1

Rip =
o 2gmi

(3.13)

(3.14)

(3.15)

(3.16)
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Circuit Implementation

A simplified schematic of the proposed fully differential CCC-CGLNA is shown in Figure
3.17. This design is a fully integrated design without need to an off-chip matching
network. Differential transistors M1 and M2 are biased and sized for g,, = 21.6m.S to

have a high gain and low noise figure with an acceptable Si1.

_
Vdd
o 4
.
]| A [ = —v?
||
Il
O I
E.* o

F1GURE 3.17: Simplified schematic of CG-LNA with CCC

Two cascode transistors are used in the design to improve the reverse isolation from the
output to the input, Sis, and make the circuit more stable. R; and Ry are two large
resistors used to isolate the high frequency signal path from the biasing circuitry. The
two cross-coupling capacitors, C¢, have a value of 2pF. An on-chip inductor, L1, is used
to resonate with the gate-source capacitor, Cgys, and the input parasitic capacitance at

the frequency of interest.

A programmable resistive passive load is used in the LNA design in order to make gain
programmable for linearity optimization of the receiver. However, change in the output
load leads to a change in noise figure as well. The cascode transistors of this design
is programmable and can be controlled by digital control bits to improve the gain and
noise figure with the cost of degradation in input matching. Figure 3.18 shows the full

schematic of the proposed design.

The design is implemented in UMC 65nm CMOS technology and operates at a frequency
of 2.4GH z. The power consumption is less than 5mW from a 1.4V supply occupying an



Chapter 3. Low Noise Amplifier Design 49

area of 0.0784mm?. The LNA achieves a gain of 21dB after extraction of the parasitic

with a noise figure less than 2.2dB. The design parameters are summarized in table 3.2.

TABLE 3.2: Design parameters of CG-LNA.

H Parameters Value Multiplier H
Ml, M2 %um 12
M1—6,czzsc %Mm 4
Ry, 463 — 81092
L1 SnH
Co 2pF
Ry, Ry 6K
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F1GURE 3.18: Full schematic of proposed Cg-LNA.
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Simulation Results

Cadence virtuoso tools are used to design and simulate this LNA.The simulation results
in figure 3.20 shows the variation of gain while changing the output load. These results
have been simulated at largest cascode size setting. The gain has a range from 17.57 dB

to 22.66 dB highest load with the load variation.

wHighest gain setup: 2.4GHz 22.6554dB

25.0
225 o

20.0

jain setup: 2.4GHz 17.5735dB

Gain (dB)

175 4

A dx: 0.0Hz

1 dy: 5.0819548
15.0 1 s: infini

12,5 -

T — T T
175 20 235 25 275 3.0
Frequency (GHz)

FI1GURE 3.20: Gain simulation results for variable resistive load.

Noise figure simulations with the same conditions of largest cascode size are shown in

figure 3.21. The results show a variation range between 2.22 —2.26dB.

: 2.4GHz 2.26177dB

JE dx: 0.0Hz
dy: 41.0223mdB
s: infinity

e 77—
175 2.0 2.25 2.5 275 3.0
Frequency (GHz)

F1GURE 3.21: Noise simulation results for variable resistive load.

From this simulation results for gain and noise figure an optimum output load is chosen

and a parametric analysis is run with respect to the size of cascode devices. Increasing
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the size of cascode transistors lead to an improvement in gain and noise figure with the

cost of degradation in input matching. Figures 3.22, 3.23, and 3.24 show the variation

in results.

Gain (dB)

NF (dB)

23.0

22.75

22.25

22.0

21.75

215

h Largest cascode: 2.4GHz 22.65542dB

-_—— T
175 20 2.25 2.5 2.75 3.0
Frequency (GHz)

F1GURE 3.22: Gain simulation results for variable cascode size.

26 5
2.5 4
* Smallest cascode: 2.4GHz 2.42798dB

2.4 4

. -

.

23 4 T~ .
2.2 4

2.0 22 24 2.6 2.8

Frequency (GHz)

FI1GURE 3.23: Noise simulation results for variable cascode size.
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* Largest cascode: 2.4GHz -10.0529dB
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175 2.0 225 25 2.75 3.0
Frequency (GHz)

FIGURE 3.24: Sy; simulation results for variable cascode size.

The simulation results for the voltage gain, noise figure, and Sy are given in figures
3.25, 3.26, and 3.27. There is a decrease of 1.6dB in gain after the extraction of the
parasitic because of the resistance and capacitance introduced from the layout due to
the used metal layers. S1; has been decreased by almost 1 —dB to become —11dB which
is acceptable in our system. Noise figure is increased by approximately 0.5dB after
extraction. This increase comes from the parasitic resistances from the metalization and
the reduction in gain as well.

23.0

22.5 H
22.0 o

21.5 +

Gain (dB)

4 dx: 0.0Hz
dy: 1.603248dB
s infini

dain: 24GHz 21.05217dB

21.0

20,5 +

20.0

19,5 -

e e T E o L s s e e e S
1.7 20 225 25 275 3.0
Frequency (GHz)

FI1GURE 3.25: Gain simulation results for proposed CG-LNA.

The input-referred intercept point, I1P3, for the proposed CCC common gate design is

simulated using a two-tone test for a 2.4GHz operating frequency. The two tones are
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3.25 4

NF (dB)

2.25 o

Frequency (GHz)

F1GURE 3.26: Noise simulation results for proposed CG-LNA.

applied with the same amplitude and a frequency offset of 10M Hz. An IIP3 value of
—3.98dBm is obtained as shown in figure 3.28.

80 4

511 (dB)

5 Extractred S11: 24GHz -11.0354dB

dy 46mdB
s infinity
2.25

25 275 3.0
Frequency (GHz)

FIGURE 3.27: Sp1 simulation results for proposed CG-LNA.
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Input Referred IP3 = -3.98291

500+

-100.0 +

QIP3 (dBm)

-150.0

-200.0 +

-250.0 -

L e e L e T S e e e L A s e ey B A S B e s !
30.0 -20.0 -10.0 0.0

-70.0 -60.0 50.0 -40.0 -
1IP3 (dBm)

FIGURE 3.28: IIP3 simulation results for CGLNA.

Table 3.3 summarizes the results of the two designs presented in this report and compares
them with the discussed designs in chapter 2. Both designs are implemented in UMC
65nm CMOS technology.
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TABLE 3.3: Performance comparison between different LNA designs.
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Chapter 4

Conclusion and Future Work

The design presented in this thesis achieve a good performance compared to the previ-
ously designed LNA. The CS-LNA achieves a very high gain with low noise figure and
acceptable matching. It is still a narrow band LNA because of the frequency dependent
components used in the matching network and the degeneration inductor. The design

has a good linearity and low power consumption.

The other design, CG-LNA| has a very promising performance. It achieves a good gain
and lower noise figure than the CS one due to the utilization of the capacitive-cross
coupling. It covers larger band compared to other CS (~ 100M H z) and achieves a good

linearity.

The next step in this work is to optimize the CS-LNA to be used in a wideband by using
multiple LNAgs with shared degeneration inductors to reduce the area and at the same
time work for multistandards. The CG-LNA can be optimized further and it can be
implemented with single input differential output which will reduce the number of pads

and and avoid using balun transformer.

o8
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