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DESIGN OF AN ULTRA LOW POWER 2.4 GHZ CMOS CASCODE LOW
NOISE AMPLIFIER WITH HIGH LINEARITY

SUMMARY

Radiofrequency (RF) communication systems are rapidly growing in the
telecommunication industry. Nowadays, wireless technology is also used for health
applications, Internet of things (1oT), Bluetooth low energy (BLE) applications. These
applications require the design of low-power devices. Taking into these
considerations, research studies of complementary metal-oxide-semiconductor
(CMOS) RF front-end circuits increase with the demand for a low-cost but high-
performance wireless front-end. The implantable medical devices enable monitoring
of physiological information, diagnosing diseases, and providing treatment to patients.
These medical devices, such as wireless transceivers and implantable antennas, need
to operate ultra-low power.

Linearity plays an important role in the performance of the receiver systems. The
receiver performance is disrupted by interfering the unwanted components at the
adjacent frequency channels to the transmitted signal. There are some linearization
techniques aiming to cancel these distortions.

Low noise amplifiers (LNA), which are typically first and one of the most important
stages of the receiver, greatly influence the overall receiver performance. Therefore,
LNAs aim to amplify the weak signal with as little noise as. Additionally, the voltage
gain and linearity are significant performance metrics of LNAs. However, power
consumption limits these performance criteria. Thus, the main goal is to minimize the
tradeoff between power consumption and high performance.

This thesis focuses on the design of low-power LNA with high linearity. Different
LNA topologies operating with sub-mW power consumption at 2.4 GHz have been
implemented in TSMC 40 nm technology. The cascode common source LNA (cascode
CS LNA) has a voltage gain of 12.22 dB, a noise figure (NF) of 4.35 dB, and a third-
order input intercept point (I11P3) of —12.68 dBm at 9995.6 uW while the proposed
LNA with improved linearity has a 5.68 dB voltage gain, 5.13 dB NF, and a —0.107
dBm I1P3. The difference between both final designs, which consist of improved
linearity and voltage gain, stems from the location of the gate inductance (L,) in the
chip. The proposed LNA with an on-chip (L,) has a voltage gain of 11.1 dB, an NF of
4.27 dB, and an I1P3 of —0.816 dBm. Moreover, the post-layout results of the proposed
LNA with an off-chip (L,) are 10 dB voltage gain, 3.87 dB NF, and 2.19 dBm IIP3 at
989.6 uW . Comparing the LNAs, the proposed LNA with an off-chip (L) has the
best figure-of-merit (FOM). This work aims to achieve improved linearity figures at
sub-mW power.

Although the performance metrics of LNA4 are the best among the four topologies, it
may not be suitable for medical equipment due to the off-chip input matching circuit.
The fully integrated LNAS3 topology is more suitable for medical applications.
However, its performance metrics are needed to be improved.

XXi






YUKSEK DOGRUSALLIGA SAHIP ULTRA DUSUK GUC iLE CALISAN
2.4 GHZ CMOS KASKOD DUSUK GURULTULU KUVVETLENDIRICI

OZET

Radyo frekansi (RF) iletisim sistemleri telekomiinikasyon endiistrisinde hizla
biiylimektedir. Gliniimiizde kablosuz teknoloji saglik uygulamalari, nesnelerin
interneti (IoT), Bluetooth diisiik enerji uygulamalar i¢in de kullanilmaktadir. Bu
uygulamalar, diisiik gii¢lii cihazlarin tasarimini gerektirir. Tiim bu durumlar dikkate
alindiginda, CMOS RF 6n ug devreleri arastirmalari, diisiik maliyetli ancak ytliksek
performansli kablosuz 6n ug talebi ile artmaktadir.

Viicuda yerlestirilebilir tibbi cihazlar, fizyolojik bilgilerin izlenmesini, hastaliklarin
teshis edilmesini ve hastalara tedavi verilmesini saglar. Kablosuz alici-vericiler ve
implante edilebilir antenler gibi bu tibbi cihazlarn ultra diisiik giigte ¢alismasi gerekir.

Gliniimiizde teknolojideki 6nemli gelismelere ragmen, dogrusal olmayan cihazlar
nedeniyle kablosuz sistemlerin ve cihazlarin performansi hala kisithdir. Radyo
alicilarinin tasariminda, dogrusal olmama, radyolarin giiglii sinyallerin yan1 sira zayif
sinyalleri de alma kapasitesini sinirlar. Radyo vericilerinde dogrusal olmama sorunu,
iletilen sinyalin diger kullanici sinyalleriyle etkilesime girmesine ve komsu frekans
kanallarina yayilmasina neden olur. Bu durumlar sistemlerde bozulmalarin meydana
gelmesine neden olur. Bahsedilen bozulmalar1 azaltmak i¢in sistemlere uygulanan bazi
dogrusallastirma teknikleri vardir.

CMOS diisiik guriltili  ylikselteclerde lineerlestirme teknikleri 8 kategoriye
ayrilmistir. Bu teknikler; geri besleme, harmonik sonlandirma, optimum sapma, ileri
besleme, tiirev siiperpozisyonu (TS), ikinci dereceden intermodiilasyon (IM2)
enjeksiyonu, giiriiltii/bozulma iptali ve bozulma sonrasidir. Tiirev siiperpozisyonu,
IM2 enjeksiyonu ve giiriiltii/bozulma iptali, geri besleme tekniginin 6zel durumlaridir.

Tiirev siliperpozisyonu transistorlerin farkli bolgelerde calismasina dayanan bir
tekniktir. Tiirev siiperpozisyon olarak adlandirilmasinin nedeni, distorsiyonu ortadan
kaldirmak i¢in ana ve yardimci transistoriin savak akimlariin {igiincii tiirevinin (gs)
eklenmesidir. g;'in isareti, orta ve giiglii inversiyon bdlgesinde degisir. Geleneksel
tiirev siiperpozisyonu gibi bu teknikler, {iciincli dereceden bozulmay1 iyilestirirken,
genellikle ikinci dereceden bozulmay1 kétiilestirir. "Tamamlayici tiirev siiperpozisyon
teknigi", ikinci dereceden kesisme noktasinin (IIP2) degerini diisiirmeden IIP3'
tyilestirmek icin NMOS/PMOS ¢iftini kullanir. Bu teknikte, zay1f evirme bolgesindeki
transistor yiiksek frekanslarda etkin bir sekilde ¢aligmayabilir. Ayrica biiyiik sinyalleri
isleyemeyebilir. Zayif inversiyonda ¢alisan transistor modelleri, simiilasyon ve 6l¢giim
sonuglar1 arasindaki 6nemli tutarsizliktan dolay1 problemli olabilir. Farkli bolgelerde
calisan transistorler nedeniyle, dogrusallik iyilestirmeleri, proses gerilim sicaklig
degisimleri ile degisir.

Disiik giirtiltii kuvvetlendiricisi, filtrelenmis RF sinyalini fazla giiriiltii ve bozulma
eklemeden yiikseltmeyi amaclayan alicilarin ilk agamasidir. Bir siiperheterodin alic1 5
ana bloktan olusur: bir anten, bir RF filtresi, bir diisiik giiriltilii kuvvetlendirici, bir
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karistirici ve bir gerilim kontrollii osilatér. Antenden alinan filtrelenmis RF sinyali, bir
RF alic1 zincirinde bir yerel osilator ile karistirilarak karistirict ile doniistiiriilmeden
once LNA tarafindan yiikseltilir. Asag1 doniistiiriilen sinyal demodiile edildikten
sonra, bir analog-dijital doniistiiriicii tarafindan dijitallestirilir.

Tipik olarak alicinin ilk ve en 6nemli asamalarindan biri olan disiik giriiltiili
kuvvetlendiriciler, genel alici performansini biiyiik 6lgiide etkiler. Bu nedenle, diisiikk
girtltili kuvvetlendiricilerin amaci, zayif sinyali olabildigince az giiriilti ile
yiikseltmektir. Ek olarak, giic kazanci ve dogrusallik, disik girtltili
kuvvetlendiricilerin  6nemli performans Olgiitleridir. Ancak, gii¢ tiiketimi bu
performans kriterlerini sinirlar. Bu yiizden ana amag, giic tiiketimi ve yiiksek
performans arasindaki ddiinlesimi en aza indirmektir.

Bu tez, diistik giiclii diisiik giirtiltiili kuvvetlendiricilerin tasarimina odaklanmaktadir.
Diisiik giiriiltiilii yiikselteg sinyalinin ¢aligma frekans: 2,4 GHz Endiistriyel Bilimsel
Tip (ISM) bandinda almalidir. Diisiik giicte ¢alisma, diisiik akim seviyesinden dolay1
guriiltii ve gerilim kazanci igin bir tasarim problemidir. Ayrica, dogrusallik, giirtiltii
rakami ve gerilim kazanci ile bir 6diinlesim igindedir. Bu nedenle, dogrusal, diisiik
giicli LNA tasarimlar1 ortaya c¢ikarmak i¢in dogrusallik iyilestirme teknikleri
kullanilmalidir. 2.4 GHz'de mW alt1 gii¢ tiiketimi ile ¢alisan farkli diisiik giiriltiilii
kuvvetlendirici topolojileri, TSMC 40 nm teknolojisinde uygulanmstir. Disiik giicli
kuvvetlendirici'nin 6zellikleri en az 10 dB gerilim kazanci ve 4 dB'den diisiik giiriilti
degeri olarak belirlenmistir. Girig ve ¢ikis yansima katsayilarinin —10 dB'den diisiik
olmasi hedeflenir. Diigiik giiriiltii kuvvetlendirici toplam 1 mW'tan daha az gii¢
tiiketirken IIP3 —1 dBm'den yiiksek olmasi istenir.

Kaskod ortak kaynakli diisiik giiriiltiilii kuvvetlendirici 12.2 dB gii¢ kazancina, 4.35
dB giiriiltii faktoriine ve 995.6 uW'de —12.68 dBm tigiincii dereceden giris kesisme
noktasina (IIP3) sahipken, oOnerilen dogrusalligi gelistirilmis disik guriltili
kuvvetlendirici 5.68 dB gii¢ kazanca, 5.13 dB giiriiltii faktoriine ve —0.107 dBm [1P3'e
sahiptir. Gelistirilmis dogrusallik ve giic kazancindan olusan her iki nihai tasarim
arasindaki fark, ¢ipteki kapi endiiktansinin (Ly) konumundan kaynaklanmaktadir.
Kap1 endiiktans1 (Lg) ¢ip icinde olacak sekilde tasarlanan  diisiik giiriiltiilii
kuvvetlendiricinin gii¢ kazanci 11.1 dB, giiriiltii faktorii 4.27 dB ve I1P3 degeri —0.186
dBm'dir. Ayrica, kapr endiiktans: (Lg) ¢ip disinda olacak sekilde tasarlanan diisiik
guriiltili kuvvetlendirici, 989.6 uW giig tiiketiminde 10 dB gii¢ kazanci, 3,87 dB
giiriiltii faktorii ve 2.19 dBm 1IP3'e sahiptir. Onerilen diisiik giiclii diisiik giiriiltiilii
kuvvetlendiriciler karsilastirildiginda, kapr endiiktansi (Lg) ¢ip disinda olacak sekilde
tasarlanan disiik giiriiltiilii kuvvetlendirici en iyi performansa sahiptir. Bu ¢alisma,
mW alt1 giligte gelistirilmis dogrusallik degerleri elde etmeyi amaglamaktadir.

CMOS teknolojileri kiigiildiikge, diisiik gili¢lii kuvvetlendiricinin kazang ve giiriilti
performanslar1 diistii. Bunun yani sira, dogrusallik ve gii¢ tliketimi arasindaki
Odiinlesim, ultra diisiik giiclii LNA tasarimi i¢in ana zorluklardan biridir. Derin mikron
alt1 teknolojilerde tasarlanan diisiik giiclii kuvvetlendiricilerin tibbi uygulamalar gibi
ultra diisiik giiclii cihazlara entegrasyonu, gelistirilmesi gereken bir calisma ve
arastirma alanidir.

Kap: endiiktanst (Ly) ¢ip disinda olacak sekilde tasarlanan diisiik giiriiltiilii
kuvvetlendiricinin performans metrikleri dort topoloji arasinda en iyisi olmasina
ragmen, c¢ip dis1 giris eslestirme devresi nedeniyle tibbi cihazlar i¢in uygun
olmayabilir. Tam entegre Kap: endiiktansi (Ly) ¢ip iginde olacak sekilde tasarlanan
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diisiik giriltili kuvvetlendirici topolojisi, tibbi uygulamalar i¢in daha uygundur.
Ancak, performans Ol¢iitlerinin iyilestirilmesi gerekmektedir.
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1. INTRODUCTION

Low noise amplifier (LNA) is the first stage of receivers, which aims to amplify the
filtered RF signal without adding much noise and distortion. As seen in Figure 1.1, a
superheterodyne receiver is composed of 5 main blocks: an antenna, an RF filter, a
low noise amplifier, a mixer, and a voltage-controlled oscillator (VCO). The LNA
amplifies the filtered RF signal received from the antenna before it will be down-
converted with the mixer by mixing with a local-oscillator (LO) in an RF receiver
chain [1]. After the downconverted signal is demodulated, it is digitalized by an

analog-digital converter (ADC).

LO

RF Filter Bandpass

. Demodulator ADC
Filter

Figure 1.1: Block diagram of the simplified RF receiver.

The sensitivity and noise performances of the whole receiver system are affected by
the performance of the LNA since the receiver consists of the cascaded stages in Figure
1.1. As it is known from the Friis expression, the noise and gain performances of each
cascaded block contribute to the total noise of the system as equation (1.1).

F—1  F3—1
+

F = Fl +
Gy G1G2

+ oo (1.1)

The noise figure of the low noise amplifier is the most dominant parameter for the
noise of the overall receiver system because the first term of Friis equations represents
the first stage of receivers. Therefore, the amplified RF signal at the output of the LNA
needs to have low noise and distortion. Finally, the LNA must have a large voltage
gain to suppress the noise of the subsequent stages [2].



CMOS technology has become more dominant in wireless applications due to the
shrinking in channel geometry, which enables easy integration and large-scale
production [3]. In recent years, wireless technology has been used in not only
consumer electronics but also health applications, such as body temperature and heart
rate sensors. For instance, monitoring instant body signals through portable and
wireless devices can be performed using the Bluetooth low energy (BLE) technology
with less power than the classical Bluetooth [4]. Biomedical applications have also
increased the need for low-power transceiver circuits. The main problems of these
systems and devices are portability, device size, and low power operation lasting for
several days or even a year. Thus, ultra-low power and small-size wireless transceivers
have been developed with a focus on radio frequency (RF) circuit design techniques
using the standard CMOS technology [5].

Noise figure, gain, input and output reflection coefficients, linearity, and stability are
the main performance metrics of the LNA. While the output reflection coefficient of
the LNA is not significant in the system, it is critical for stability if the LNA is
measured separately since strong reflection waves at the outputs have an impact on

stability by sneaking through the LNA input.

LNA performance is mostly based on the process technology and the design strategy.
Although the process technology limits the performance, the design strategy improves
it. Therefore, the selection of the process technology and the design optimization are

significant.

1.1 Purpose of Thesis

The implantable medical devices enable monitoring of physiological information,
diagnosing diseases, and providing treatment to patients. These medical devices, such

as wireless transceivers and implantable antennas, need to operate ultra-low power.

Despite the significant advances in technology today, the performance of wireless
systems and devices is still constrained due to the nonlinear devices. In the design of
radio receivers, non-linearity limits the capability of radios to receive weak signals as
well as strong signals. Nonlinearity in radio transmitters causes the transmitted signal

to interfere with other user signals and spread to neighboring frequency channels.



There are some linearization techniques applied to the systems to reduce the mentioned
distortions.

This thesis aims to design an ultra-low power LNA with high linearity. The designed
LNA should receive the signal at the 2.4 GHz Industrial Scientific Medical (ISM)
band. Low-power operation is a design problem for the noise figure and the voltage
gain due to the reduced current level. Moreover, linearity is in a tradeoff with the noise
figure and the voltage gain [6]. Therefore, linearity improvement techniques should be

employed to come up with linear, low-power LNA designs.

This thesis is a part of the TUBITAK project “Scalable Time-Based Degradation,
Cryogenic, and Radiation Modeling of 40 nm Transistor Technology for Analog
Circuit Applications in Internet-of-Things, Defense and Innovative Computational
Methods Industries”. Specifications of the LNA are designated as the voltage gain of
10 dB, the noise figure of lower than 4 dB. Input and output reflection coefficients are
targeted to be lower than —10 dB. The input IP3 is desired to be higher than —1 dBm

while the amplifier consumes a total power of less than 1 mW.

1.2 Literature Review

Linearization techniques in CMOS low-noise amplifiers are divided into 8 categories.
These techniques are feedback, harmonic termination, optimum biasing, feedforward,
derivative superposition (DS), second-order intermodulation (IM2) injection,
noise/distortion cancellation, and post-distortion. Derivative superposition, IM2
injection, and noise/distortion cancellation are special cases of the feedback technique.
The advantages and disadvantages of derivative superposition, noise/distortion

cancellation, and post-distortion techniques will be discussed.

The derivative Superposition technique is a special type of feed-forward technique.
With this technique, an amplifier design with very low third-order interconnection

distortion can be realized.

It is a technique based on the operation of transistors in different regions. The reason
why it is called “derivative superposition” is that the main and auxiliary transistor add
the third derivative (g5) of the drain current to eliminate the distortion. The sign of g5
changes in its moderate and strong inversion region. This ensures that g5 is zero with

proper biasing, as shown in Figure 1.2 (b). Linearity is improved within a finite bias-



voltage range instead of just one operating point. In this technique, power consumption

is very low due to the transistor operating in a weak inversion region in the auxiliary

path. Since the positive and negative characteristics of g; are not the same, the

operating area of g5 is very narrow with a single auxiliary transistor. However, this

area can be expanded by using auxiliary transistors for input impedance matching,

noise expression, and gain. This technique is also called the "multi-gate transistor

technique” because it works with multiple transistors whose gates are connected in

parallel together. Figure 1.2 (a) shows the dual-channel NMOS implementation of the

derivative superposition technique. M, and Mg denote main and auxiliary transistors

respectively, and the input matching circuit is excluded for simplicity.
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Figure 1.2: (a) Conventional DS topology (b) The graph of the 37¢ derivatives (g3)
of drain current from the main and auxiliary transistors [7].

Figure 1.3 (a) and 1.3 (b) show the alternative implementations of the derivative

superposition technique using a transistor in the triode region [8] and a BJT [9] as an

auxiliary transistors, respectively. In Figure 1.3 (a), transistors Mz, and My, are driven

by differential input signals. Mg, is biased in the deep triode region and My, helps to

increase the positive peak of g; of My, to effectively eliminate the negative peak of

g3 of the input transistor M,. In Figure 1.3 (b), My provides a positive value of g5 in

the bipolar transistor and the emitter degeneration resistor reduces g to match the M,

for optimum distortion cancellation.
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Figure 1.3: DS technique using a transistor (a) in triode region [8] and (b) BJT [9].

Figure 1.3 shows that the second-order transconductance (g,) for the transistor
operating in the weak or the strong inversion region has a positive sign. Thus, these
techniques, such as conventional derivative superposition, often worsen the second-
order distortion while improving the third-order distortion. The “complementary
derivative superposition technique” uses the NMOS/PMOS pair to improve IIP3
without degrading the value of the second-order intercept point (11P2) [10,11].
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Figure 1.4: (a) Common-source and (b) common-gate complementary DS topologies

[71.
Figure 1.4 shows common-source and common-gate topologies, respectively. Since
the input signal for NMOS/PMOS is out of phase, the output current is defined as
equation (1.4).

lasn = G1aVs + G2aVes” + GzaVes (1.2)



lasp = —918Ves + 928Ves’—938Ves® (1.3)

lout = lasn — lasp = (G1a + 918)Ves + (G2a — gZB)VGSZ + (gsa + g38)Ves® (1.4)

Since g,, and g, have the same sign, the total transconductance increases, the IM2
term decreases, and because g5 4 and g5 have different signs, the IM3 term decreases.
In Figure 1.5, conventional and complementary derivative superposition are compared
in terms of the second (g,) and the third-order (g5) distortion of the output current. As
shown in Figure 1.5 (b), g3 becomes zero around 500 mV of Vg, hence third-order
distortion is canceled. At this bias point, the value of g, for the conventional derivative
superposition technique is maximum, while it is approximately equal to zero for the
complementary superposition technique. V;s range of complementary derivative
superposition, which makes g5 zero, is narrower compared to conventional derivative
superposition. Because PMOS and NMOS have different linearity characteristics, so
[1P3 improvement is not as good as in dual channel NMOS implementations. As shown
in Equation 1.4, for optimum IIP3 value, the sum of gs;, and gsp values should be as
close to zero as possible, while for optimum 11P2 value, the sum of g, 4 and g,z values
should be as close to zero as possible. This indicates that there is not the same optimum
bias point for 11P2 and 11P3. The differential derivative superposition technique, which
alleviates the 11P2 problem, is essentially the same as the complementary derivative

superposition [12,13].
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Figure 1.5: Comparison of conventional DS and complemantary DS (a) g2 vs. Vs
(b) g3 vs. Ves [7].



Modified Derivative Superposition technique is an on-chip solution to minimize
source-to-gate feedback. The vector diagram in Figure 1.6 graphically explains the
concept of modified derivative superposition. Circuit implementations of the improved

TS technique are shown in Figure 1.7. The value of inductances determines the angle

of g3p.
Im C()mpOSite 3rd_ order
contribution
I : 3 Im
83/1 Vg_gﬂ' g33vg58 .
R e g3 A vg_g,l ———————————
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Figure 1.6: The vector diagram of (a) conventional DS and (b) modified DS
methods [7].

Vaux Vmain

(a) (b)
Figure 1.7: Modified DS implemantation (a) [14] (b) [15].
Although the channel noise of transistor B in weak inversion is negligible, the gate-
source noise of the transistor is inversely proportional to the drain current and added
directly to the gate noise of the M, due to their gates connected each other. My also
affects input impedance matching. An alternative implementation of the modified DS
technique is shown in Figure 1.6 (b). In this topology, the input is not directly applied
to the gate of the Mp. It is connected to the source of the M, via a coupling capacitor.
This technique helps to minimize the noise figure and avoid the degradation of the

input matching.

The disadvantages of the DS technique should also be considered by the designers. In

this technique, the transistor in the weak inversion region may not operate effectively



at high frequencies. It also may not be able to handle large signals. The transistor
models operating in weak inversion may be problematic due to the significant
discrepancy between simulation and measurement results. Due to the transistors
operating in different regions, the linearity improvements change with process voltage

temperature (PVT) variations.
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Figure 1.8: 11P3 with/without DS method [7].

A measurement result of the 1IP3 is shown in Figure 1.8. Although this result belongs
to the conventional DS technique, similar properties can also be observed in the
complementary, differential, and modified DS techniques. DS technique works well
in the cancellation window of g5 described in Figure 1.2 (b) and 1.5 (P;;,, < —20 dBm).
Even if the inputs are outside the distortion window of g5, the DS method can still pull
the third-order tone lower than conventional LNAs where the g5 of the main transistor
is negative as long as the g5 of the auxiliary transistor remains positive. DS technique

does not improve compression point (P1dB) as well.
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Figure 1.9: Noise cancellation technique in common-source topology using
common-gate transistor [16].




Figure 1.9 shows that noise/distortion cancellation is a common-gate (CG) stage
parallel to a common-source (CS) stage. The current noise (i,,) generated by the
common-gate (CG) transistor causes a voltage noise at the input node (v, ;,) and the

CG output node (vy, ¢¢)-
Vnin = iy Rs (1-5)

Vnce = —inReg (1.6)
The factor a; equals the voltage division between the input resistance (R;; ¢¢) and the
source resistance (Rg), which equals % in the case of impedance matching.

Q, = —Jince (1.7)

RincG*+Rs

Vn,in at the common-source (CS) input multiplied a voltage gain of the CS transistor

generates a voltage noise at the CS output node (v,, cs).

Vncs = Vninfv,cs = Vnce (1.8)

As a voltage gain of CS (4, ¢s) approaches a voltage gain of CG (—A4,, ), the noise

of the common-mode signal at the differential output is eliminated.

The same mechanism of the noise cancellation at the output utilizes to eliminate
distortion components. Voltage variations (v4s and v,) influence nonlinearly a drain-
source current (izs) of the CG stage. As in the noise cancellation mechanism, a
nonlinear voltage at the input (v;;,) is converted from a nonlinear drain-source current
(i4s) generated by source signal (v,) using the source resistor (Rs). The nonlinear input

voltage (vin) can be written as a Taylor expansion of the signal source voltage (v) [16].
Vip = @1Vs + V2 + azve® + auvet + o = agvs + vy (1.9)

where vy, includes all undesirable nonlinear terms and « is Taylor coefficients.

As seen in Fig 1.10, the output voltage of the CG-stage can be written as equation
(1.10).

. —Vin R
Vout,c¢ = LinRee = VSR: Reg = (1 —ayvs — VNL)RLSG (1.10)




The output voltage of the CS stage can be written as (1.11).

_ Rce _ Rce
Vout,CS = —Vin Rs - _(alvs + 1/NL) Rs (1-11)
_ _ .. Rceg
Vout,diff = Vout,cé — Vout,cs = Vs Rs (1-12)

In equation 1.12, the unwanted nonlinear signal vy, is canceled at the differential

output.
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Figure 1.10: Small-signal equivalent of a common-gate transistor [16].

Similar to the derivative superposition technique, the post-distortion technique (PD)
benefits from the nonlinearity of the auxiliary transistor to remove the nonlinearity of
the main element. The auxiliary transistor is connected to the output of the main
transistor instead of directly connected to the input so as to prevent the disturbance of
the input matching. Also, the operation of all transistors at saturation provides better
linearity. Figure 1.11 illustrates the conceptual idea of the post-distortion technique

and the circuit schematics [17—19].

According to Figure 1.11 (b), the nonlinear drain currents of M; and M,, can be

modeled as follows.
i1 = gmV1 + G2v1° + gsvi® (1.13)
i1a = JmaVa + 92aV2° + G3aV2° (1.14)
I/, can be expressed in terms of V; as follows.
vy = byvy + byv,? + by, 3 (1.15)
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b; — b5 is usually frequency-dependent. The nonlinear currents of i; and i;, is sum

up at V, and i,y is obtained.

(92 - b1292a - bzgma)V12

iy =i1 — g = (Gm — b1gma)Vv1 + (92 - blnga - bzgma)V12

+(93 - b1393a = b3Gma — 2b1b292a)V13

and

(93 - b1393a -

(1.16)

b39ma — 2b1bz!J2a)V13

expressions represent the second and third-order distortion of the output current,

respectively. The third-order distortion expression should be closer to zero to obtain

high linearity.
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Figure 1.11: (a) The conceptual idea of the post-distortion technique [17] and circuit
implemantiton (b) [18] (c) [17] (d) [19].
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1.3 Contribution of the Thesis and its Organization

LNA linearity indirectly depends on power consumption. This thesis shows that 11P3
performance is improved without increasing power consumption (LNAL and LNAZ2).
However, taking into consideration NF and gain limitations, more power has to be
delivered to LNA. In this thesis, LNA3 and LNA4 topologies demonstrate that the
performance of LNA can be preserved and enhanced by keeping the constant power
consumption. The design of this LNA presents a perspective on the sub-mW power
CMOS LNA design with a 40 nm technology. A 2.4 GHz, 10 dB voltage gain, 3.88
dB noise figure, 2.19 dBm 11P3 low noise amplifier is designed with a power budget
of 989.6 uW. The designed LNA Yyields good performance compared to its

counterparts.

Chapter 1 introduces the role of LNAs in receiver systems and their design
requirements. The challenges of ultra-low-power LNAs are discussed. Also, the
linearity improvement techniques are mentioned. Finally, it presents the novelty of this

study and its contribution to the literature.

Chapter 2 explains the design parameters such as noise, input and output matching,

gain, and linearity.

Chapter 3 starts the noise, input matching and gain theories about classical cascode
LNA with inductive degeneration. It includes the design procedure of an ultra-low-
power 2.4 GHz CMOQOS cascode low noise amplifier with high linearity.

Chapter 4 discusses simulation results and compares the proposed LNAs and clearly

explains the drawbacks and benefits of the proposed LNA designs.

Chapter 5 presents the conclusion of the thesis and the novelty of this study.
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2. STATE OF ART

2.1 Design Parameters

2.1.1 Noise

Noise is the distortion of the signal processed by an amplifier. Signal to noise ratio is
defined as the ratio between the average signal power and the average signal noise,
which provides information about signal quality [20]. The noise of sources caused by
electronic components consists of the thermal noise, which is also known as Johnson-
Nyquist noise, the shot noise, and the flicker noise. The random motion of charge
carriers results in thermal noise. It is the main noise for the CMOS LNA design. The
shot noise resulted from pn junctions is based on DC bias current. The shot noise
mainly occurs LNA design utilized Bipolar junction transistors (BJT). The flicker
noise known as 1/f noise stems from the traps in the semiconductor. The flicker noise
influences both bipolar and MOSFET transistors. The quality of the conductive
medium is determined by the flicker noise due to macroscopic defects of materials.
The flicker noise occurs with the trapping and releasing of the charge carriers in the
impurities and defects of the MOS channel region. The larger gate capacitance reduces
the fluctuations in the channel charge, so the flicker noise is exhibited in the larger
MOS devices. As seen in Figure 2.1, the power spectral density of the flicker noise is
inversely proportional to the frequency. While the flicker noise is more dominant than
thermal noise for low frequencies, it can be neglected at high frequencies, which is
over the corner frequency (1/f). The noise performance of the LNA is not contributed
by the flicker noise at the linear operation region since LNAs mostly operate at higher

frequencies than corner frequency which is in the range of the megahertz [21].
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Figure 2.1: Flicker noise corner frequency f. [20].

2.1.1.1 Resistors

The resistor is the major source of thermal noise which depends on temperature
because charge carriers are vibrated only temperature change. The noise power is
related to bandwidth. A generalized equation of the is noise voltage within a given
bandwidth can be defined as shown in equation 2.1.

V% = 4kT f]ffR df (2.1)

where 1}, is noise voltage integrated RMS voltage between frequencies f; and £, R is
resistive component of the impedance (or resistance) (, T is the temperature in degrees
Kelvin, f; and f, are lower and upper limits of required bandwidth, k is the
Boltzmann’s constant (1.38 x 10723JK~1) [20]. For most cases, the resistive
component of the impedance will remain constant over the required bandwidth.

Therefore, equation (2.1) can be simplified into equation (2.2).
V, = 4kTR (2.2)

The noise can be modeled as a current source, I,*(f), as illustrated in Figure 2.2.

Inz(f) = ALII%T (2.3)
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Figure 2.2: Noise model of a resistor [21].

2.1.1.2 MOSFETs

MOSFET transistors mainly produce two different types of noise: thermal and flicker
noise. Flicker noise dominates the noise spectrum at a frequency which is lower than

corner frequency (f¢). Otherwise, thermal noise is dominant.

The flicker noise can be modeled as a voltage source in series with the gate.

K
V') = e (2.4)
The flicker noise can be modeled as a current source between source and drain.
Kgm?
I2(f) = =2 (2.5)

WLCoxf

where K is a device-specific constant. The variables W, L, g,,, and C,, represent the
transistor's width, length, transconductance, and gate capacitance per unit area,
respectively [21]. The thermal noise in MOSFET transistors operating in the saturation
region can be modeled as a current source tied between drain and source terminals, as

shown in Figure 2.3.
2
Vg

—®— I5(F)

Figure 2.3: Noise model of a transistor [21].

Power spectral density (PSD) value is given in 2.6.

Ig* = 4kTy g, (2.6)
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where y is the noise coefficient which is 2/3 for long channels and 2 for short-

channel transistors.

2.1.1.3 Capacitors and inductors

Ideal capacitors and inductors are lossless circuit elements. Therefore, they can be
considered noise-free components. Generally, capacitors are utilized to filter the noise.
Ohmic losses of the capacitors cause thermal noise generation. Some types of
capacitors, such as stacked-foil film and ceramic, which have a typical equivalent
series resistance (ESR) value less than 0.015 Q, are very low ohmic losses. Such
capacitors have excellent noise performance. Certain capacitor types are sensitive to
vibrations. Especially mechanical vibrations lead to modify the distance between
elements or generated unwanted charge flow. Consequently, this phenomenon
produces noise. Besides the ESR value of a capacitor, its equivalent series inductance
ESL affects the noise level of the capacitor. The lower the ESL, the lower the noise.
The quality factor (Q) of an inductor determines its noise performance. Compared to
other types of inductors, ferrite beads have characteristics of higher resistance and low-
quality factor. Ferrite beads can be used in noise reduction due to this property. Like
capacitors, filtering by using inductors reduce the noise [21].

2.1.1.4 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 on a dB scale. On the other hand, the noise factor
(F) is the value of NF on a linear scale and is defined as the ratio between the SNR,,,;

and SNR;,, of the circuit component [20]. Noise figure can be expressed as in 2.7.
NF = 10logF (2.7)
The noise factor (F) of an LNA can be shown as in 2.8.

S.
_ SNRin _ In; _ S GXNitNa _ 4 o Na
SNRoyt So/NO N; GXS; GXN;

(2.8)

where SNR is the signal-to-noise ratio, S; and S, are signal levels available at the input
and output, N; and N, are noise levels available at input and output, N, is an additional

noise signal and G is the network gain.
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Figure 2.4: Noise in a cascade of stages [20].

For a cascade system of N stages, as shown in Figure 2.4, the overall noise factor can
be expressed in terms of the noise factor and gain of each stage. The total noise factor

can be obtained by Friis's equation as in 2.9.

F,-1 | F3-1 Fy-1
Fo.=F Ry ... A 2.9
s = FLt ==+ 2ot (2.9)

2.1.2 S-parameters

Scattering parameters known as s-parameters give information about traveling waves.
These waves are transmitted and reflected with an introduced nport network to the
transmission line [22]. S-parameters are a common way to introduce nport network.
While the voltage and current at the terminal change along the transmission line, the
traveling waves are not influenced in comparison to the magnitude at the terminal. The

2-port network is used to define S-parameters, as shown in Figure 2.5.

,:: T 2 Port 1 Port 2
1 -+ + F
Y [S] Y E Zg Reﬂecl'ed wave N Transmitted wave
(@) (b)

Figure 2.5: 2-port network with transmitted waves (a,, a,) and reflected waves
(b1, b,) used in S-parameters definition.

The voltages and currents in the 2-port network are divided into transmitted and

reflected ones.
V() =VT(x)+ V(%) (2.10)

V*r(x) = Ade /B* ; V~(x) = BelP* (2.11)
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L= V@) -V~ ()] (2.12)

The reflection coefficient can be expressed as equation (2.13).

re) =ie (2.13)

Transmitted and reflected voltages are normalized with normalized impedance.
Normalized impedance is usually chosen the same as the characteristic impedance.

) =2 5 i) =zl (2.14)
a(x) = V%) . b(x) = VJ'Q_:” (2.15)
v(x) = a(x) + b(x) (2.16)

a and b are the normalized transmitted and reflected voltages, respectively.

For 1-port system, the reflected voltage can be expressed as equation (2.17).
b(x) = I'(x)a(x) (2.17)

For 2-port system, the reflected voltages can be expressed as equation (2.18).

bl = 51144 + S1209 (218)
bz = Sy1041 + S7205 (219)
S11 512
] [521 S22 [ ] (2.20)
_bh Y
su=pl o se=3 (2.21)
SZZ - az 2,20 521 - al 2,=0 (222)

S-parameters S;; and S,, are identical to optical reflection coefficients; S;, and S,;
are identical to optical transmission coefficients. Overall, S-parameters help designers

to predict circuit behavior in terms of the desired performance.
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2.1.3 Network gain

The available and maximum power that can be delivered to the load is represented
input power KGT,B. The input mismatch leads to loss of transferred power since the
network gain depends on input matching. Also, network gain is essential for the noise
figure, as seen in (2.8). The reflection coefficient (I, I, I,y [1) Shown in Figure 2.6

is used power, transducer, available gain, and insertion gain [23].

ZS I_;:n Emt

| &
VS gl Network [S]tb %ZL
q ! Zp

["9 Portl Port2 [.'L

Figure 2.6: For a 2-port network, the input and output traveling waves are measured
ina Z, system [23].

Consider a network with the source and load reflection coefficients I'; and I;, measured

ina Z, system (assuming Z, = 50 Q in RF circuits) as illustrated in Figure 2.7.

=302 (2.23)
=22 (2.24)
Network [S] YA
Portl Port2 FL

Figure 2.7: The reflection coefficients, I and I3, are measured separately [23].

The I3, and I,,,; can be expressed as in 2.25 and 2.26, respectively.

by _ S12S211]
[ =21 4 R2m2th 2.25
in a, S11 155,11 ( )
by 512521[s
out a, 22 1-511Ts ( )
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2.1.3.1 Power gain (Gp)

Power gain (Gp) is the ratio of the power delivered to the load (P,) to the power

delivered to the network from the source (P;,,) as illustrated in Figure 2.8 [23].

Zs | |
v :_ 2-Port _: ;
S L
I_ﬂNetwcxrk -
D R
Interface Interface
Ms My

Figure 2.8: 2-port network indicates that the G, is obtained from the network input
to the load [23].

Gp =L (2.27)

Pin

The P, and P, can be written in terms of I, and I}, as in 2.28 and 2.29.

P, =21b, 12 (1 = I1L1?) (2.28)
1
Pin =3 las|*(1 — |l (2.29)
where b, = ﬂ, S0 Gp can be expressed as in 2.30.
1-S83217,
_ 1 2 _1-Inl?
Gr = e 2 i (2:30)

2.1.3.2 Transducer gain (G;)

The transducer gain (G;) is the ratio of the power delivered to the load (P,) to the
maximum power available from the source (P,;) as shown in Figure 2.9. An interface
(M) known as the source mismatch factor between the source and network input is
defined as the ratio of the power delivered to the network from the source (P;,,) to the

maximum power available from the source (P,y).
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v | 2-Port , 7
S

I— Network - L

‘PCIS I I PL
Interface Interface
Ms M.

Figure 2.9: 2-port network indicates that the G, is obtained from the source to the
load [23].

_ Pin _ (A-IL1AH) ATl
Mg = i -ror 2 (2.31)

G, = k= 2L0im gy 2.32
t Pils

Pgs Pin Pgs

1-|r7 |2

1-|r5/?
Gt = PE - - 7
[1—Touell

[1—511T%|?

(2.33)

|521|2

2.1.3.3 Available gain (G,)

The available gain (G,) is the ratio of the available power of network output (7,,) to
the maximum power available from the source (P,;) as shown in Figure 2.10. An
interface (M,) known as the load mismatch factor between the network output and the
load is defined as the ratio of the power delivered to the load (P,) to the available

power of network output (P,,) [23].

z, | |
v I_ 2-Port _: 7
S L
f i Network LI
PCIS | Pao |
Interface Interface
Ms My

Figure 2.10: 2-port network indicates that the G, is obtained from the source to the
network output [23].
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_ P _ (-InP)(A-1Touel®)
M, = Pao  |11-TouelLl? (2.34)

G, =20 = Prlao _ St (2.35)

P, Pgs P My,

(2.36)

2.1.4 Linearity

The aim of obtaining high linear systems is to avoid producing harmonic distortion or
intermodulation distortion. Ideally, a linear amplifier is expected to amplify the
frequency components that make up the input signal with the same gain. This means
that an output of an ideal linear amplifier exactly replicates the waveform of an input
signal. Due to the nature of the transistors, which have nonlinear I, — Vg
characteristics, linearity cannot be achieved perfectly. Linearity is one of the most
critical performance metrics for LNA. Two main parameters are used to measure the

linearity of LNA: 1-dB compression point (P, ;5) and third-order intercept point (IP3).

2.1.4.1 1-dB compression point (P14g)
When a sinusoid input signal is applied to a non-linear system as in 2.37, an input-
output relation is illustrated in 2.38.
x(t) = A cos(wt) (2.37)
y(t) = a;A cos(wt) + a,A? [cos(wt)]? + azA3 [cos(wt)]? (2.38)

3a343

3 azA3
4

4

a2A2

2
. L4 os(2wt) +

2

cos(3wt) (2.39)

y(t) = + (alA + )cos(a)t) +

cos(wt) is the desired signal and others are called harmonic distortion. If a;a; < 0,

the circuit has the compressive characteristics that are more suitable for LNA [20].

2.1.4.2 Third order intercept point (IP3)

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 the harmonics and intermodulation of these two signals. If these

components are very close to the desired signal, as in Figure 2.11, they are called
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intermodulation (IM). If one of the IM products is produced in the band of interest, the

desired signal is degraded.

Power Interference RF Antenna Power Intererehcs
Signal Signal
B 5 & f LA

Third-order products

Figure 2.11: Corruption due to third-order intermodulation [20].

Assume that the two-tones input signal is x(t) = A; cos(w;t) + A, cos(w,t). The

output of the system will be as equation (2.40).
y(t) = a;(4; cos(w;t) + A, cos(w,t)) + a,(A; cos(w,t) + A, cos(w,t))?
+ a3 (A, cos(wt) + A, cos(w,t))3 (2.40)
Intermodulation products can be obtained using equation (2.40).
w=w,tw,: a,A;A,cos(w; + w,)t +a,A;A, cos(w; — w,)t (2.41)

3a3A12A2 a3A12A2

w=2w;+w,: cos(Rwy + wy)t + & 2 cos(Rw, —wy)t  (2.42)

3a3A,24,
4

3a3A,%4,4
4

w=2w,tw;: cos(Qw, + wq)t + cosQw, —wq)t  (2.42)

Fundamental components are given as equation (2.43).

3 3
W= Wi, Wy ¢ (a1A1 + Za3A13 + §a3A12A2) COS (Ult

+(a;4; + %a3A23 + %a3A22A1) COS wyt (2.43)

As shown in Figure 2.12, if f, — f; is small, the third-order IM products at 2f; + f,

and 2f, + f; is very close to f; and f,, so these products cause nonlinearities.

As illustrated in Figure 2.13, the linear parts of the two gain curves interpolated so that
the first-order (or fundamental) and the third-order signal will intersect at the IP3. The

IP3 is where the first-order input is equal to the third-order input The corresponding
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input and output are called the third-order input intercept point (11P3) and third-order

output intercept point (OIP3) [20].

Power
Fundamental
A A Second-Order
Product
Third-Order
A A A Product
4 A A A A
Third-Order
Product
I,’ \\
’ L
! \
‘ 1
\\\ 1 1 /Il
o2 @R o T Y « W@ I« Frequency
[ I [ o o B o s
@ < o < =
o~ o o ~N

Figure 2.12: Two input signals, f; and f,, amplified by an amplifier that produces

the second and third harmonics [20].

_ 3azPip3°>

lai Prp3| = . .
4 aq
Pups = |3 s

POIP3

Fundamental signal power

Qutput Power (dBm)

Third-order signal poweré

Piip3
Input Power (dBm)

(2.44)

(2.45)

Figure 2.13 The IP3 is a theoretical point at which the third-order distortion signal

amplitudes equal the input signals [20].
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3. LOW NOISE AMPLIFIER DESIGN

3.1 Theory of a Cascode LNA

3.1.1 The noise figure of a cascode LNA

The noise figure of the conventional cascode LNA in Fig. 3.1 is given in 3.1.

NF =1+ 4804 Y2 @0 (3.1)
Rs  Rs

a QL “wr

where y is the coefficient of channel thermal noise and « is one for long-channel

devices while it is less than one for short-channel devices [24].

— ga? | 8a® 2
X =1+20cl0, 5+ 52 (1+0.) (32)
where § is the coefficient of gate noise, and c is the correlation coefficient between
drain and gate noise.

wo(L5+Lg) _ 1
Rg woRsCys

Q.= (3.3)

VCC

T

LD% C1=R1

—][ M2
Rs LG
Vin o—AA—00—[, M1

%u

Figure 3.1: Classical cascode LNA with inductive degeneration.

O Vout
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In equation 3.1, R; is the gate resistance of M; depends on the quality factor L. If an
inductor with a high value is used to provide input matching, R;/Rs can be a dominant

noise figure. According to equation (3.1), larger transconductance decreases NF due

0 wr = gml/Cgsl-

3.1.2 Input power matching of LNA

As shown in Figure 3.2 (a), an inductance L, is used to obtain a better input match and
a higher gain. Shunt inductance L, in Figure 3.2 (b) provides to achieve a higher Z;,

with lower wyLg, which is illustrated in 3.4 and 3.5.

4 1 m
Z'in = S(Ls + Lg) + o=+ (‘z—gs)Ls (3.4)
_ ZlinSLb
Zin - Z'in+sLy (35)
VDD

L

L & oq
00— |

cin g L,
RF_IN _| Zml—) L, !
Lb
Ls —_—
GND

0o
RF_OUT
_| clo_

Z in
Vbias GND

(@) (b)

Figure 3.2: (a) Cascode LNA with inductive degeneration and inductive bias. (b)
Input matching circuit.

3.1.3 Gain of a cascode LNA

The voltage gain of an LNA is given equation (3.6) is the multiplication of equivalent

transconductance and output resistance [20].
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wTr

G, =

" 2woRs

(3.7)

where Rg = (gmi1ls)/Css. This means that the input impedance is matched to the
output impedance of the input source. Also, output resistance must be 50 Q for a
voltage gain due to measurement using a probe station. As clearly seen in 3.8, the gain

Is increased with reducing Lg.

= YrRL (3.8)

" 2woRs

where

1
@o = \j (L1+Lg)Cgs (3.9)

3.2 LNA Design Procedure

Four low-power LNA topologies have been presented in this work. The first design,
which is a cascode CS-LNA has a high voltage gain and low IIP3 figure, whereas,
through linearity-improving techniques, the second design vyields better 11P3
performance. However, the voltage gain is significantly decreased when 11P3 goes up.
To increase the gain, a third topology has been developed without degrading the 11P3
performance. The difference between the third and last LNA circuits resides in whether

Lg is included on the chip or not.

Comparing all LNA circuits, there is no significant change in the noise figure for all
LNAs, and IIP3 is significantly improved in all of them except the first one. The
voltage gain of the last two LNAs is higher than the second one, while they are slightly
lower than that of the first LNA. The cascode CS LNA with high linearity is designed

in Figure 3.3, with versions of L, being on and off-chip. The aim of the off-chip

Lg is to obtain a high-quality factor, thereby reducing the occupied chip estate.
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Figure 3.3: The schematic of the proposed LNA (adopted in LNA3 and LNA4) with
improved linearity and gain.

Input matching is important for the noise figure. Also, additional inductance L,
improves input matching. Figure 3.4 shows that L, = 2.2 nH and L, = 750 pH (drawn
with the black line), provides best S;, value at 2.4 GHz. If we check the noise figure
of the LNA with these values, it is seen in Figure 3.5 that these inductor values also
provide a reasonable noise figure. L, =2.2 nH and L, = 750 pH enable S;, to be lower

than —10 dB and realize NF = 3.87 dB.

Hame \Vis g [to — I
— L

5511 dB20
W S11dB20 + 2.2e-09 Ge-10 20
‘W S11dB20 + 2.4e-09 Ge-10
WS11dB20 * 2609 6e-10
W S11dB20 + 26809 Ge-10
m511dB20 + 22609 7.5e-10
‘W S11dB20 + 2009 75610
W S11dB20 + 2.4e-09 75e-10
‘W §11dB20 + 2.6e-09 75e-10 15
‘mS1dB20 + 2609 9e-10 M2: 2.400446Hz
m511dB20 * 2.2e-09 9e-10 1366718

10 12 14 16 18 20 22 24 26 28 30 32 34 136
freq (GHz)

S-Param (dB)

Figure 3.4: 5;, vs. frequency for different L, and L, values.
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Figure 3.5: NF vs. frequency for different L, and L;, values.

As transistor channel lengths (L) are scaled-down, gate-to-source capacitances (Cgs)
become smaller. Thus, C.s depends on the width of transistors at the constant L. Also,
the larger gate width of the CS transistor (M) provides to improve NF and IIP3 while
it leads to increase power consumption. As illustrated in Figure 3.3, an additional
capacitance (C,,) is connected between the gate and source of M, transistor for NF
matching due to power limitation. Minimum NF is obtained only at a matching point.
As seen in Figure 3.6, an additional capacitance (C,,) enables better input matching
with increasing Cgs. Thus, additional Cg shifts the frequency where NF is minimum
owing to input matching. Figure 3.7 demonstrates that C;s improves NF although

increasing C¢ degrades minimum NF according to equation (3.1).

Il S11 without Cex M S11 with Gex

M5: -826.9m + j529.2mohms
(2.4G Hz)

M6: 118.8m -
j30.99mohms (2.4G Hz)

]

/ |

Figure 3.6: S;; without and with C,, on Smith Chart.
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Figure 3.7: NF without and with C,,.

M, is directly connected to the input, so we must check the stability. The conditions

for unconditional stability in terms of S-parameters [25] are shown in 3.10 and 3.11.
|Al = 1511822 — S125211 < 1 (3.10)

_ 1-18111%=18221% 41811522 —512521 |2
25125211

K > 1 (3.11)

In Figure 3.8, Kf and B1f values which refer to K and |A| are 3.24 and 0.162 at 2.4
GHz, respectively. Thus, M, does not degrade the stability of LNA.

Yame Vsl “ I v\\—\\‘h/l S ——— I‘A

2200 1 £ 1000
‘WK £ 900.0
mBif o ] 3
160.0 1 3
] 7000
£ 1200 E
; ; 5000 8
; o g
“ 800
o | - 3000
00 £ 100.0

{ 7 It i A U e R (0 A Sl & | SN S e A [ P S P U (el G i G e [ i EA |
04 06 08 1.0 1.2 1.4 16 1.8 20 22 24 26 28 3.0 32 34 36 38 4.0 42 44 46 48 50
freq (GHz)

Figure 3.8: K and |A| values for the stability of LNA.
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In addition, M, is the main transistor and the diode-connected transistor M, is used to
cancel the third-order intermodulation distortion (IMD3), as shown in Figure 3.9.

Also, i, can be expressed as equation (3.12).
iz = il - ia (312)

where iy, i, and i, are the drain currents of M,, M,, and M, respectively.

A major source of IMD3 is the third-order nonlinearity of M; since the nonlinear
current generated in M, is fully transferred to M, which acts as a current buffer. If the
drain of M; has an additional current path that selectively cancels to the IMD3 current
component, less IMD3 current component is transferred to M,. Therefore, the diode-
connected transistor M,, which acts as an IMD3 sinker, is added to the cascode CS
LNA as the Figure 3.9.

-

Ve,1

Figure 3.9: The LNA with an NMOS IMD sinker (adopted in LNA2).

The drain current of the NMOS transistor can be expressed using power-series

expansion.
g =9g1Vys + gz(Vgs)z + 93(Vgs)3 (3.13)
where g; is nt" order transconductance. Also, i; and i, can be expressed.
1 = g1m1Vgs1 + gz,ml(Vgs1)2 + g3,m1(Vgsl)3 (3.14)

ia = gl,mans,ma + gZ,ma(Vgs,ma)z + gS,ma(Vgs,ma)3 (3-15)
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where Vg, and Vs, are the gate-source voltage of M; and M, respectively. Vg, is

a function of V4, s0 Vs, can be expressed using power-series expansion.
ngZ = C1Vgsl +C; (Vgsl)z + C3(Vgsl)3 (3.16)

Where c; is the frequency-dependent coefficient. Also, Vy , is equals to Vy,, so i,

can be expressed in terms of V.

iq = 91ma(—Vsg2) + Gama(—Vsg2)?* + G3ma(—Vsg2)® (3.17)
Taking equations (3.13)-(3.17) to equation (3.12), i, will be as in 3.18.
iz = (91m1 t ¢191,ma)Vgs1 + (G2m1 + Clzgz,ma)(vgsl)z
+(g3m1 + €1°g3ma) Vgs1)® (3.18)

C;, C,, and C; depend on frequency, and C; has a negative value from basic circuit
theory [18]. Also, it is tried to cancel (gz 1 + ¢1°g3,ma) EXPression by adjusting the
gate biasing and size of M,. However, IMD3 is not fully canceled due to limited power,

so the circuit is designed to minimize the IMD3 component.

. e »
. | |
—
: i
i
i

‘mgm 3
H g3 M2 0.2 -
M g3 Ma

£3 (A/VA3)
. & .
o

2 3 551.0m]

[T T T T T TP e T e A e T e T TP e T T e e T T
015 02 025 03 035 04 045 05 055 06 065 07 075 08 08 09 095 1.0
Vgs

Figure 3.10: The third-order transconductance of M, M,, and M,,.

The graphs of the third-order transconductance in Figure 3.10 confirm the above
analysis were obtained by taking the third-order derivative of the drain currents with

respect to V¢ [18].
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1 &3

g3 m1 = 30‘3V3gs,1 (3.19)
_1_ & (3.20)

93m2 = 6 03V3 4or :
1 dig (3.21)

g3,Ma 6 d3V3gs,1

93,m2 1s decreased from 400 mA/V 3 to 160 mA/V? at V5, = 531 mV and P = 986.6
uW. However, the gain is reduced due to lowering (gim1 + €191mq) €Xpression.
Therefore, M, is added to increase gain as in Figure 3.3. As you have seen in equation
3.8, since both circuits have the same R;, Rs, and w,, the gain depends on cut-off
frequency (wr). g In the LNA without gain improvement technique is equals to the
transconductance of M; g,,; 11.24 mS while g,, in the LNA with gain improvement
technique is the sum of g,,;, and g,,, 13.31 mS. This improves the gain with
increasing wy. Sizing of M, should be done not to disturb the IMD current balance so

that the linearity performance can be preserved.

Also, the addition of M, reduces the output resistance of the LNA, Ryyr. When
looking down into the drain of M, and ignoring the source inductance L, in Figure 3.1
without loss of generality, R,y roughly equals to gm27,2751 for LNAL. Now, when

the diode-connected M, is connected to the source of M,, its output resistance appears

in parallel with r,,. Hence, R,y becomes gmzroz(rol//gi//roa) in LNAZ2. Since
1

K Ty1,Toq, it Can be stated that R,y of LNA2 will be small compared to that of

Ima

LNAL. However, when M, is introduced, the operating current of the cascode stage
slightly decreases so that the overall power consumption does not exceed 1 mW.
Reduction of the cascode stage current yields an increase in R, although r,;, comes
in shunt with the output resistance of the cascode. Also, g,, of M, boosts G, of the
LNA since it provides a voltage gain path in the shunt with the cascode amplifier. An

increase in both R,y and G,,, improves the voltage gain of LNA3.
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The layout of the designed LNA is given in Fig. 3.11. After parasitic extraction of the
layout is performed, component values in the LNA design are shown in Table 3.1 have

been optimized. It occupies an area 0.082 mm?2.

Table 3.1: Device sizes W/L (um/nm) and circuit component values.

M1 32/40 Ci 200 pF
M 16/150 Lo 750 pH
Ma 8/40 Cex 712 fF
M 44740 Lq 8.5 nH
Lq 2.2 nH C. 483 fF

.,-E""’*“”*' AGND '-,"'*"-"".j‘::.

RN

N

EEAGNDE&"

Figure 3.11: The layout of the designed LNAA4.
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4, SIMULATION RESULTS AND DISCUSSION

The proposed LNA with high linearity was designed in TSMC 40 nm technology with
a supply voltage of V,, =1 V. The current consumption was 989.6 uA. All LNAs were
designed and optimized to operate at 2.4 GHz.

In Figure 4.1 — Figure 4.5, the performance of the cascode CS LNA (LNA1) is
demonstrated when tuned to operate at 2.4 GHz. As seen in Figure 4.1 and Figure 4.2,
it has a matched input and output impedance (S;; = —27 dB and S,, = —16.93 dB,
respectively). Figure 4.3 shows that it achieves a voltage gain of 12.217 dB. Also, the
noise figure equals 4.35 dB. Figure 4.5 presents an 11P3 of —12.68 dBm.

o Jm I
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freq (GHz)
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Figure 4.5: 11P3 of the cascode CS LNA (LNAL).

Figure 4.6 - Figure 4.10 demonstrate the performance of the LNA with improved
linearity at 2.4 GHz. Input and output reflection coefficients are satisfactory (S;; =
—17.97 dB and S,, = —22.9 dB, respectively) according to Figure 4.6 and Figure 4.7.
In Figure 4.8, a gain is reduced from 12.2 dB to 5.68 dB while IIP3 is raised by
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approximately 12.5 dBm in Figure 4.10, from —12.68 dBm to —0.107 dBm. Also, NF
increased to 5.126 dB.

As seen in Figure 3.3, M, is added to LNAL to improve IIP3 performance. M, is used
to decrease IMD3 of M, transistor with the injected current. g 5, is decreased with
subtraction of M; and M, g values, which have the same sign. The gate biasing and
M, sizing are adjusted to eliminate gs,,. Taking into consideration power
consumption constraint, gz, is not fully eliminated. However, gs,, has been

reduced enough to increase the 11P3 value by approximately 12.5 dBm.
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Figure 4.10: 11P3 of LNA2 with improved linearity.

In Figure 4.11—Figure 4.15, the performance metrics of the LNA with improved
linearity and gain are depicted. Figure 4.11 and Figure 4.12 demonstrate that S;; and
S,, have their values below —11 dB. Figure 4.13 reveals that the voltage gain is
boosted by 6 dB without degrading the 11P3 performance, which is equal to 11.1 dB.
Furthermore, NF has reduced to 4.27 dB based on increased voltage gain, as illustrated
in Figure 4.14. In Figure 4.15, 11P3 is found to be —0.816 dBm. L, is kept on-chip in
this LNA.
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While 11P3 is improved with decreasing gs 52, 9ain is degraded by decreasing gy, 2
which is obtained by subtracting the g, p1 BY gm mq @s shown in equation 3.18. M,
Is added to LNAZ2 to increase gain as illustrated in Figure 3.3. However, M, reduces
the isolation (S;,) of cascode CS LNA. Thus, M, transistor should be sized to increase
the gain without being so dominant that it spoils the isolation. As seen in Figure 4.16,
S12 Is increased by 13 dB, but this change is not so much that the input and output are

affected by each other.

In contrary to the 11P3 graph of LNAL, the slope of 37¢ order curve varies in different
ranges of the input power. In LNAL, the linear and nonlinear current components of

M, can be expressed as in equation 4.1.

iz = gmm1Vgs1 + G2 Vgs1)? + gz (Vgs1)? 4.1)

Here, the third order terms are only related to M;. However, in LNA2, i, can be
expressed as in equation (3.18). There, the 3"@ order term includes (gsu: +
1393 ma)- Thus, 1IP3 is now related to M,, as well as, to M;. Also, it should be noted
that M, operates in the weak inversion region. Changes in the slope of the overall 37
order curve of the LNA may stem from the of 3"¢ order terms of both M; and M,
according to their operation regions. While the 15¢ and 3"¢ order curves settle at
approximately —20 dBm of input power in LNAL, they settle at approximately —15
dBm of input power in LNAZ2. The settling points shift by 5 dBm for both curves. It is
shown that correspondingly, the LNA 11P3 is improved by approximately 10 dBm.
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Figure 4.11: S;, of LNA3 with improved linearity and gain.
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Figure 4.17-Figure 4.22 demonstrate the post-layout simulation results of the LNA
with improved linearity and gain (off-chip L,). According to Figure 4.17 and 4.18,
input and output reflection coefficients at 2.4 GHz are acceptable, with (S;; = —18.54
dB (pre-layout) and —13.63 dB (post-layout)) (S,, = —20.45 dB (pre-layout) and
—12.85 dB (post-layout)).

DC lines that cross the input RF path are more critical in the LNA performance. Thus,
these paths are drawn wider to decrease parasitic resistance as well as input and output

path. Thus, no significant changes of S;, and S, are observed.
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Figure 4.20: NF of LNA4 with improved linearity and gain (off-chip Ly).

As can be seen in Figure 4.19, it achieves a voltage gain of 10 dB in the post-layout
simulation. The gain reduction in the post-layout simulation results from the parasitic
resistance. It is seen in Figure 4.20 that the noise figure increases with a decrease in
gain. The wider ground and power lines are drawn to minimize the parasitic effect.
Finally, 11P3 has been shown to be enhanced in post-layout simulation compared to in
pre-layout simulation as in Figure 4.21 and Figure 4.22. The inductive effect between
the source and the ground increases the linearity while decreasing the gain. The reason

for the increase in linearity in the post layout is the effect of parasitic components.
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Figure 4.21: 11P3 (pre-layout) of LNA4 with improved linearity and gain (off-chip
Lg).
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Figure 4.22: 11P3 (post-layout) of LNA4 with improved linearity and gain (off-chip

Ly).

Table 4.1 summarizes the performances of four different LNAs. While classical
cascode CS LNA (LNAL1) is not suitable in terms of 1IP3 for our specification, 11P3

performance has been improved by approximately 12.5 dBm, confirming to

specification. However, gain in LNA2 is well below specifications as well as NF.

Although both gain and 11P3 performances are enhanced in LNAS3, this topology may

occupy a huge area due to the on-chip input matching circuit. Thus, all performance

metrics of LNA4 are suitable, and L, is obtained a high-quality factor by reducing the

occupied chip estate. Compared tot the FOM of four LNA topologies, LNA4 is

acceptable and is suitable for our specifications. Based on the figure of merit (FOM)

expression provided in (4.1), LNA4 achieves the higher FOM value.

FOM = ey P @
Table 4.1: Performances of the proposed LNAs.
LNA1 LNA2 LNA3 LNA4

S, (dB) 12.22 5.68 11.1 11.69 10*

NF (dB) 4.35 5.13 4.27 3.5 3.87*

S, (dB) —27.25 ~17.97 21 —18.54 | —13.63*

S, (dB) ~16 -23 —14.78 —20.45 | —16.33*
[IP3 (dBm) —12.68 —0.107 —0.816 1.24 2.19*

*Post-layout simulation results
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Table 4.1 (continued): Performances of the proposed LNAsS.

Pdc (MW)

995.6

986.6

997.2

1079

989.6*

FOM

0.198

1.36

2.82

5.76

5.83*

*Post-layout simulation results

In Table 4.2, performance metrics of LNA4 are compared with the results of various
low-power LNAs reported in the literature with an operating frequency in the range of
0.1 GHz to 7 GHz. Although FOM of [26] and [29] is higher than that of LNA4, NF
of [26] is excessively high for LNA compared to literature, and 11P3 of [29] is almost
equal to that of the classical cascode CS LNA. Except for these researches, LNA4 is
the best of all when compared to the FOM of others. Also, the power consumption of
[34] is remarkably low; however, NF of the first study [34] is extremely high while
I1P3 of the second study [34] is excessively lower than our LNA4 design. Also, [36]
and [37] are remarkable in terms of using new CMOS technologies. However, NF of

[36] is too high while gain of [37] is significantly low.
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Table 4.2: Performance of the proposed LNA regarding its counterparts.

Gain NF 11P3 | fc Tech.
FOM
(dB) (dB) (dBm) (uw) (GHz) (nm)
This 10 3.87 2.19 989.6 2.4 40 5.83
Work*
[26]** 11 6.8 —2.2 174 2.4 65 6.56
[27]* 18.2 3.38 —4.32 967 2.4 180 2.93
[28]* 14 3.45 -8 980 2.4 180 0.92
14 5.2 —8.6 15.2
[29]*** 30 2.4 40
14.2 3.3 -11.6 14.2
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Table 4.2 (continued): Performance of the proposed LNA regarding its counterparts.

[30]** 12.6 55—6.5 -9 750 01-7 90 0.47
[31]** 12.3 49—6 —-95 400 01-22 130 0.87
[32]** 14 4—6 -10 250 06 —42 130 1.87
[33]*** 17.4 2.8 —10.7 480 2.4 65 1.71

13.9 8.9 —13 69 1.27
[34]** 2.4 65

26.3 5.5 —24 64 0.37
[35]*** 12.2 1.9—122 —16 350 3-5 130 0.97
[36]** 215 6.3 —-16 900 2.4 28 0.11
[37]** 6.9 3 —18 44 2.4 16 1.25

*Post-layout simulation results
**Measurements results
***Pre-layout simulation results
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5. CONCLUSION

An ultra-low-power design is highly critical in many applications such as wireless
sensor networks, WSNSs, and portable devices. Especially, the LNA is one of the
power-hungry blocks in transceivers used in wireless systems. There are two main
challenges for these systems: device size for portability and ultra-low-power design
which is able to operate for the required time that may be a year for medical devices.
Therefore, ultra-low power and small size wireless transceivers have been remarkably
enhanced as a consequence of immense researches on transceiver topologies and RF
circuit design using standard CMOS technology. In addition, as power consumption
decreases, high-performance metrics like gain, bandwidth, linearity, and noise should
not be degraded.

This thesis focuses on the design of a sub-mW LNA with high linearity. It has been
demonstrated that 1IP3 improvements can be achieved without degrading gain.
Specifications of the LNA are designated as the 11P3 of higher than —1 dBm and total
power less than 1 mW. The voltage gain is desired to be higher than 10 dB and the
noise figure is lower than 4 dB. Input and output reflection coefficients are targeted to
be lower than —10 dB. In this thesis, four LNAs using two different techniques to
improve linearity and voltage gain are designed at sub-mW power in TSMC 40 nm
process for operation at 2.4 GHz. The proposed LNA, LNA4, powered by a1 V supply,
achieves an 1IP3 figure of 2.19 dBm and dissipates 989.6 uW at 2.4 GHz. It has a
voltage gain of 10 dB and a noise figure of 3.87 dB. Based on its design metrics, LNA4

is suited for ultra-low-power, high-performance receivers.

Literature research shows that as CMOS technologies have been scaled down, the gain
and noise performances of the LNA have degraded. Also, the tradeoff between
linearity and power consumption is one of the main challenges for ultra-low-power
LNA design. Integration of LNAs designed in deep sub-micron technologies into ultra-
low power devices such as medical applications is a field of study and research that
needs to be developed.
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Although the performance metrics of LNA4 are the best among the four topologies, it
may not be suitable for medical equipment due to the off-chip input matching circuit.
The fully integrated LNA3 topology is more suitable for medical applications.
However, its performance metrics are needed to be improved.

50



REFERENCES

[1] Nadia, A., Belgacem, H. and Aymen, F., 2013, September. A low power low
noise CMOS amplifier for Bluetooth applications. In 2013 International
Conference on Applied Electronics (pp. 1-4). IEEE.

[2] Yelten, M.B. and Gard, K.G., 2009, April. A novel design procedure for tunable
low noise amplifiers. In 2009 IEEE 10th Annual Wireless and
Microwave Technology Conference (pp. 1-5). IEEE.

[3] Fan, X., Zhang, H. and Sanchez-Sinencio, E., 2008. A noise reduction and
linearity improvement technique for a differential cascode LNA. IEEE
Journal of Solid-State Circuits, 43(3), pp.588-599.

[4] Hsiao, C.T., 2017. Design of a 2.4 GHz CMOS LNA for Bluetooth low energy
application using 45 nm technology.

[5] Liu, H.J. and Zhang, Z.F., 2017. An ultra-low power CMOS LNA for WPAN
applications. IEEE  Microwave and Wireless Components
Letters, 27(2), pp.174-176.

[6] Caglar, A. and Yelten, M.B., 2019. Design of cryogenic LNAs for high linearity
in space applications. IEEE Transactions on Circuits and Systems I:
Regular Papers, 66(12), pp.4619-4627.

[7] Sanchez-Sinencio, E. 2017. Linearization Techniques for CMOS LNAs: A
Tutorial. Analog and Mixed Signal Center, Texas A&M University,
retrieved Feb, 17, 76.

[8] Youn, Y.S., Chang, J. H., Koh, K. J,, Lee, Y. J. and Yu, H. K., 2003. A 2 GHz
16 dBm IIP3 low noise amplifier in 0.25 pm CMOS technology, in
IEEE Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech. Papers, 452—
453.

[9] Xin, C. and Sanchez-Sinencio, E., 2004. A linearization technique for RF low
noise amplifier, in Proc. IEEE Int. Circuits Syst. Symp., Vancouver,
BC, Canada, 313-316.

[10] Im, D., Nam, 1., Kim, H., and Lee, K., 2009. A wideband CMOS low noise
amplifier employing noise and IM2 distortion cancellation for a digital
TV tuner, IEEE J. Solid-State Circuits, 686—698.

[11] Chen, W., Liu, G., Zdravko, B. and Niknejad, A. M., 2008. A highly linear
broadband CMOS LNA employing noise and distortion cancellation,
IEEE J. Solid-State Circuits, 1164-1176.

[12] Geddada, H. M., Park, J. W. and Silva-Martinez, J., 2009. Robust derivative
superposition method for linearizing broadband LNAs, IEE Electron.
Lett., 435-436.

[13] Kim, T. W. and Kim, B., 2006. A 13-dB 11P3 improved low-power CMOS RF
programmable  gain  amplifier  using  differential  circuit

o1



transconductance linearization for various terrestrial mobile D-TV
applications, IEEE J. Solid-State Circuits, 945-953.

[14] Aparin, V. and Larson, L. E., 2005. Modified derivative superposition method
for linearizing FET low-noise amplifiers, IEEE Trans. Microw. Theory
Tech., 571-581.

[15] Ganesan, S., Sanchez-Sinencio, E. and Silva-Martinez, J., 2006. A highly
linear low noise amplifier, IEEE Trans. Microw. Theory Tech., 4079—
4085.

[16] Blaakmeer, S. C., Klumperink, E. A., Leenaerts, D. M., & Nauta, B. 2008.
Wideband balun-LNA with simultaneous output balancing, noise-
canceling and distortion-canceling. IEEE journal of solid-state
circuits, 43(6), 1341-1350.

[17] Zhang, H., Fan, X. and Sanchez-Sinencio, E., 2009. A low-power, linearized,
ultra-wideband LNA design technique, IEEE J. Solid-State Circuits,
320-330.

[18] Kim, T.-S. and Kim, B.-S., 2006. Post-linearization of cascode CMOS LNA
using folded PMOS IMD sinker, IEEE Microw. Wireless Comp. Lett.,
182-184.

[19] Kim, N., Aparin, V., Barnett, K. and Persico, C., 2006. A cellular-band CDMA
CMOS LNA linearized using active post-distortion, IEEE J. Solid-State
Circuits, 1530-1534.

[20] Razavi, B., & Behzad, R. 2012. RF microelectronics (Vol. 2, pp. 255-333). New
York: Prentice hall.

[21] Johns, D. A., & Martin, K. 2008. Analog integrated circuit design. John Wiley
& Sons.

[22] Packard, H. 1996. S Parameter Techniques for Faster, More Accurate Network
Design. Test & Measurement, Application Note, 95-1.

[23] Agilent Technologies. 2010. "Fundamentals of RF and Microwave Noise Figure
Measurements", Agilent Technologies. U.S.

[24] Shaeffer, D.K. and Lee, T.H. 1997. A 1.5-V, 1.5-GHz CMOS low noise
amplifier, IEEE Journal of Solid-State Circuits, 32(5), 745-759.

[25] Gonzalez, G. 1997. Analysis and Design. MICROWAVE TRANSISTOR
AMPLIFIERS.

[26] Xu, K., Yin, J., Mak, P. I., Staszewski, R. B., & Martins, R. P. 2020. A single-
pin antenna interface RF front end using a single-MOS DCO-PA and a
push—pull LNA. IEEE Journal of Solid-State Circuits, 55(8), 2055-

2068.
[27] Karimlou, A., Jafarnejad, R., & Sobhi, J. 2016. An inductor-less sub-mW low
noise amplifier for wireless sensor network

applications. Integration, 52, 316-322.

[28] Rastegari, F., Dousti, M., & Ghalamkari, B. 2021. A 0.75 V Sub-mW CMOS
LNA employing transmitted signal suppression technique in a full-
duplex wireless brain-machine interface transceiver. AEU-

52



International Journal of Electronics and Communications, 132,
153632.

[29] Kargaran, E., Manstretta, D., & Castello, R. 2017. Design and Analysis of 2.4
GHz pW CMOS LNAs for Wearable WSN Applications. IEEE
Transactions on Circuits and Systems I: Regular Papers, 65(3), 891-
903.

[30] Parvizi, M., Allidina, K., & El-Gamal, M. N. 2014. A sub-mW, ultra-low-
voltage, wideband low-noise amplifier design technique. IEEE
Transactions on Very Large Scale Integration (VLSI) Systems, 23(6),
1111-1122.

[31] Parvizi, M., Allidina, K., & El-Gamal, M. N. 2016. An ultra-low-power
wideband inductorless CMOS LNA with tunable active shunt-
feedback. IEEE Transactions on Microwave Theory and
Techniques, 64(6), 1843-1853.

[32] Parvizi, M., Allidina, K., & El-Gamal, M. N. 2015. Short Channel Output
Conductance Enhancement Through Forward Body Biasing to Realize
a 0.5V 250 uW 0.6-4.2 GHz Current-Reuse CMOS LNA. IEEE
Journal of Solid-State Circuits, 51(3), 574-586.

[33] Rahman, M., & Harjani, R. 2018. A 2.4-GHz, Sub-1-V, 2.8-dB NF, 475-uW
Dual-Path Noise and Nonlinearity Cancelling LNA for Ultra-Low-
Power Radios. IEEE Journal of Solid-State Circuits, 53(5), 1423-1430.

[34] Dissanayake, A., Seok, H. G.,Jung, O. Y., Han,S. K., & Lee, S. G. 2017, June.
A 64 uW, 23 dB gain, 8 dB NF, 2.4 GHz RF front-end for ultra-low
power Internet-of-Things transceivers. In 2017 IEEE Radio Frequency
Integrated Circuits Symposium (RFIC) (pp. 184-187). IEEE.

[35] Saied, A. M., Abutaleb, M. M., Eladawy, M. |., & Ragai, H. 2018. Ultra-low
power LNA design technique for UWB applications. AEU-
International Journal of Electronics and Communications, 97, 149-153.

[36] Zaini, J., Hameau, F., Taris, T., Morche, D., Audebert, P., & Mercier, E.
2017, July. A tunable Ultra Low Power inductorless Low Noise
Amplifier exploiting body biasing of 28 nm FDSOI technology. In 2017
IEEE/ACM International Symposium on Low Power Electronics and
Design (ISLPED) (pp. 1-6). IEEE.

[37] Lu, Y. T., & Jin, J. D. 2016, May. 100-mV 44-uW 2.4-GHz LNA in 16 nm
FINFET technology. In 2016 IEEE MTT-S International Microwave
Symposium (IMS) (pp. 1-3). IEEE.

53






CURRICULUM VITAE

Name Surname : Didem EROL AS
EDUCATION
e B.Sc : 2017, Istanbul Technical University, Faculty of

Chemical and Metallurgical Engineering, Food
Engineering Department

e B.Sc. : 2018, Istanbul Technical University, Electrical and
Electronics Engineering Faculty, Electronics and

Communications Engineering Department

PROFESSIONAL EXPERIENCE AND REWARDS:

2020 Research assistant at Istanbul Technical University
2017 TEV Higher Education Performance Award

2017 Omer Duruk Performance Award

2016 Pelin K6z Performance Award

2016 TEV Higher Education Performance Award

2015 Food Industry Performance Award

2015 TEV Higher Education Performance Award

2014 TEV Higher Education Performance Award

PUBLICATIONS, PRESENTATIONS AND PATENTS ON THE THESIS:

OTHER PUBLICATIONS, PRESENTATIONS AND PATENTS:

e Xhafa, X., Giingordii, A. D., Erol, D., Yavuz, Y., & Yelten, M. B. 2021. An
Automated Setup for the Characterization of Time-Based Degradation Effects
Including the Process Variability in 40 nm CMOS Transistors. |IEEE
Transactions on Instrumentation and Measurement.

55


uluhatun
Rectangle

uluhatun
Rectangle


e Erol, D., Giingordii, A. D., Diindar, G., & Yelten, M. B. 2021. A switchable
DC offset cancellation circuit for time-based degradation correction. Analog
Integrated Circuits and Signal Processing, 106(3), 485-491.

¢ Erol, D., Giingordii, A. D., Diindar, G., & Yelten, M. B. 2019, November. An
Offset Cancellation Set-up for Amplifiers Subject to Aging. In 2019 11th
International Conference on Electrical and Electronics Engineering
(ELECO) (pp. 384-387). IEEE.

56



