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AC-COUPLED SUPPLY MODULATOR DESIGN
IN 130 nm PD-SOI TECHNOLOGY

SUMMARY

High peak-to-average values (PAPR) of modern telecommunications standards tend to
drop the efficiency of the power amplifiers. The drop in efficiency causes excessive
power consumption, which leads to a shortened battery life for mobile systems.
As a result, envelope-tracking supply modulator (ETSM) systems are developed to
improve power amplifier efficiency by varying their supply voltage. There are different
envelope-tracking supply modulator topologies in the literature that combine different
amplifier structures with each other. The most popular topologies can be considered
hybrid topologies, which take advantage of using two amplifiers in parallel with each
other. This hybrid structure allows high-frequency components to be provided by the
linear amplifier while low-frequency power is provided by a highly efficient switching
amplifier.

The linear amplifier is generally designed with a Class AB output driver, which
increases the driving capability and reduces the power consumption of the linear
amplifier. A buck converter is mostly used as a switching amplifier to generate DC
current for the load. In the literature, a hysteretic control loop is commonly used to
control the buck converter with the linear amplifier, and an additional dc-dc converter
is added to control the supply voltage of the linear amplifier. To improve efficiency,
AC-coupled hybrid topologies are introduced to lower the power consumption of the
linear amplifiers.

In this thesis, an AC-coupled hybrid ETSM is designed for 5G cellular
vehicle-to-everything (C-V2X) systems that support up to 40 MHz of baseband
bandwidth. The system consists of a proposed operational amplifier, a switching
amplifier, a current-mode hysteretic buck converter to control the supply of the linear
amplifier, a proposed zero-current detection (ZCD) current to detect the reverse current
flowing through the inductor, and low-dropout regulators (LDO) for supplying the
internal analog circuits. The ETSM is implemented in a 130 nm partially depleted
(PD) silicon on insulator (SOI) process, and the die size is 3.051 mm?.
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130 nm PD-SOI TEKNOLOJISINDE AC-KUPLAJLI
KAYNAK MODULATORU TASARIMI

OZET

Giintimiizde kablosuz haberlesmenin ilerlemesiyle birlikte mobil aygitlar hayatimizda
oldukca sik bir sekilde yer bulmaya baglamistir. Mobil iletisimin bu denli yiikselmesi
teknolojinin hizli bir sekilde gelismesini saglamistir. Karmagik sistemlerde kullanilan
entegreler, yeni haberlesme protokolleri ile birlikte daha fazla bilgi islemeye ve bilgi
aktarmaya baglamistir. Bilgi hizindaki bu artis devam ederken analog ve dijital devre
tasarimlar1 gelismeye devam etmistir. Transistor boyutlarindaki kii¢iilme birim alanda
yapilan islem hacminde artma yasanmasini saglamis ve gii¢ tiikketiminin 6nemli dlciide
azalmasina katkida bulunmustur. Verici yapilarindaki iletisimin yapilmasini saglayan
gii¢ kuvvetlendiricilerinin tasarimi, kullanilan bant genisliklerinin artmasi ve gereken
giic seviyelerinin yiikselmesi sebebiyle oldukca zorlasmistir. Ayni zamanda gii¢
kuvvetlendiricilerin diisiik verimliligi mobil aygitlarinin kullanim 6miirlerinin dnemli
bir 6lciide azalmasina neden olmaktadir.

Hiicresel V2X teknolojisinin gelismesiyle birlikte akilli ulagim sistemlerinin kullanimi
yayginlagsmaya baglamistir. 5.895-5925 GHz bandim kullanilan bu iletisim standardi;
aractan-araca, aragtan yayaya ve aragtan internet agina bilgi aktarimi saglamaktadir.
Bilgi aktarimi yapilirken kullanilan alici-verici (transceiver) yapisinin yani sira
giic kuvvetlendiricisinin dogrusalligini iyilestirmek i¢in dijital on bozma (Digital
Pre-distortion) bir gbzlem alicis1 da (observation receiver) kullanilmaktadir. Dijital 6n
bozma, gii¢ kuvvetlendiricisinin dogrusal olmayan davranisindan yola ¢ikarak iirettigi
katsayilar1 kullanarak gii¢ kuvvetlendiricisine iletilen sinyalde bir bozunum yaratir ve
bu sayede dogrusalligin artmasini saglamis olur.

Iletisimde kullamlan gii¢ kuvvetlendiricileri yiiksek dogrusallik gostermeleri icin
tasarlandiklarindan verimlilikleri oldukca diisiiktiir. Verimin diisiik olmas1 gereksiz
giic harcanmasina sebep olmakta, batarya omriinii kisaltmakta ve istenmeyen 1s1
yayilimina neden olarak yonga performanslarinda diisiise sebep olmaktadir. Bu
istenmeyen durumun Oniine gecebilmek ve giic kuvvetlendiricilerinin verimliligini
artirmak amaciyla kaynak modiilatorii devreleri tasarlanmaya baglanmigtir. Kaynak
modiilatorii devreleri, giic kuvvetlendiricinin giriglerine gelen yiiksek frekans sinyalin
zarf bilgisini kullanarak giic kuvvetlendirici devresinin besleme gerilimini zamana
bagli olarak degistirir. Sabit bir gerilimin aksine zamana bagh degisken bir gerilim
uygulanmas1 gereksiz giic harcanmasinin Oniine gecerek giic kuvvetlendiricilerin
verimliligini 6nemli Olciide artirmaktadir. Tasarlanan kaynak modiilatorii de belirli
bir gii¢ harcamasina ragmen toplam verimlilige bakildiginda 6nemli bir 6l¢iide artim
gozlenmektedir.

Kaynak modiilatorii devrelerinin ilk Orneklerine mobil telekomiinikasyonun yiik-
selmesinden ©nce rastlayabiliriz. Ilk olarak ses kuvvetlendiricilerinde kullanilan

XX1ii



bu devreler giiniimiizdeki siiriimlerinden farkli olarak diisilk bant genisliklerine
sahipti.  Kullanilan topolojilerinde ¢ok az degisiklik olmus olsa da literatiirde
yapilan ¢aligmalar, farkli kuvvetlendirici topolojilerini birbirleriyle seri veya paralel
baglayarak optimum c¢Oziimii bulmaya calismustir.  Giintimiizde popiiler olarak
kullanilan ve bu tezin de konusu olan hibrit topolojiler en yiiksek verimlilige ve
en yiiksek bant genisgligine ulasilmasini saglayan topolojilerdendir. Yiiksek hizli ve
diisiik verimlilige sahip bir kuvvetlendirici ile diisiik hizli ve yliksek verimlilige sahip
bir kuvvetlendiricinin birbirine paralel olarak baglanmasiyla olusturulan bu kaynak
modiilatorii yapisi, en popiiler kaynak modiilatorii yapilarindandir.  Genel olarak
diisik hizli kuvvetlendirici, hizli kuvvetlendiriciden aldig1 geri besleme sinyali ile
caligir.  Yiiksek hizli kuvvetlendiricinin yiiksek akim sagladigi durumlarda diisiik
hizli kuvvetlendirici bu bilgiyi geri besleme yontemiyle elde eder ve yiiksek hizli
kuvvetlendiriciye akim destegi saglar.

AC-kuplaj kapasiteli kaynak modiilatorleri ise klasik topolojilerde yapilan bir
iyilestirmeye dayanmaktadir.  Yiiksek hizli kuvvetlendiricinin besleme gerilimi
disirmek ve bu sayede harcanan enerjiyi azaltmak amaciyla yiiksek hizli
kuvvetlendirici ile gii¢ kuvvetlendiricinin arasina bir AC-kuplaj kapasitesi yerlestirilir.
Yerlestirilen bu kapasitenin iizerindeki DC gerilim seviyesi sisteme eklenen fazladan
bir geri beslemeye bagh olarak kontrol edilmektedir. Yavas geri besleme olarak da
adlandirilan bu geri besleme, yiiksek hizli kuvvetlendiricinin ¢ikis akimina DC akim
ekleyerek kuplaj kapasitesini yiikler ve DC gerilim olusturur. Olusan bu DC gerilimin
degeri, sistemin icerisindeki sayisal analog doniistiiriicii (DAC) ile istege bagli olarak
degistirilebilir bir yapidadir.

Sistem icerisindeki yiiksek hizli kuvvetlendirici genel olarak AB simfi ¢ikis
stiriiciisii ile tasarlanmaktadir. AB sinifi ¢ikig siiriicii ile kuvvetlendirici, ¢ikisina
kutuplama akimindan ¢ok daha yiiksek akim saglayabileceginden kuvvetlendiricinin
DC giic kaybim digiiriir.  Diisiitk hizli kuvvetlendirici yapisi olarak kullanilan
Buck doniistiiriici yonga dis1 bulunan bobin ile giic kuvvetlendiricisine DC akimi
saglamaktadir. Yiiksek hizli AB sinifi kuvvetlendirici ile Buck doniistiiriicli arasindaki
geri besleme histerik bir yapidadir ve kontrol sinyalinin frekanst zamana bagh
degisim gostermektedir. Histerik kontrol dongiisiinii olusturabilmek i¢in histerik bir
karsilastirict devresine ihtiya¢ duyulmaktadir. Pozitif geri besleme ile elde edilebilen
karsilastirict devresi, giincel CMOS teknoloji ile kolayca tasarlanabilmektedir. AB
sinift kuvvetlendirici, girisindeki zarf sinyaline bagl olarak gii¢ kuvvetlendirici
devresine akim sagladigindan bu akimi olusturabilmek i¢in besleme gerilimi genel
olarak yonga i¢i bir dc-dc doniistiiriicti ile saglanmaktadir. Cekilen akimin miktari
ve bant genisligi, giris sinyalinin zarf bilgisine bagli oldugundan tasarlanmasi
gereken dc-dc doniigtiiriici buna bagli olarak degisiklik gostermektedir.  Aym
zamanda yonganin tamamini besleyen gerilimde diisiim meydana gelmesi durumda
kaynak modiilatoriiniin calismaya devam edebilmesi icin AB sinifi kuvvetlendiriciyi
besleyen dc-dc doniistiiriicii genel olarak Buck-Boost olarak tasarlanir. Besleme
gerilimin diismesi durumda Buck-Boost doniistiiriicii Boost yapisina gecerek AB sinifi
kuvvetlendiricinin ¢ikisinda bozunum olusturmamasini saglar.

Bu tezde 5G NR standardi icin 40 MHz bant genisligini destekleyecek AC-kuplajh
bir kaynak modiilatorii tasarlanmistir. Tasarlanan yiiksek hizli kuvvetlendirici, iki
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asamal1 bir islemsel kuvvetlendirici devresidir. Ilk asamasi islemsel gecis iletkenligi
kuvvetlendiricisi (OTA) olarak tasarlanmustir.  Ikinci asamasi ise yiiksek akim
saglayabilmek i¢cin AB sinifi olarak tasarlanmigtir. Tasarlanan kuvvetlendiricinin
icerisinde yiiksek gerilimden kaynaklanan kirilmalar1 engellemek amaciyla koruma
devreleri eklenmistir. Diisiik hizli kuvvetlendirici olarak klasik Buck devre yapisi
kullanilmigtir. AB sinifi yiiksek hizli kuvvetlendiricinin besleme gerilimini saglamak
tizere akim modlu histerik Buck doniistiiriicii tasarimi yapilmistir. Bobin iizerindeki
ters akimi engellemek amaciyla Buck doniistiiriiciiniin igerisine bir sifir akim tespit
devresi eklenmigtir. Tasarlanan devrelerin serimleri tez icerisinde gosterilmistir.
Kaynak modiilatoriiniin ve alt-bloklarinin benzetim sonuglari tez igerisinde belirtilmis
ve yorumlanmistir. Kaynak modiilator tasarimi 130 nm PD-SOI CMOS teknolojisi ile
tasarlanmistir. Kaynak modiilatériiniin kapladigi alan 3.051 mm? olarak ol¢iilmiistiir.
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1. INTRODUCTION

In today’s wireless communication systems, power amplifiers (PA) are used to transmit
the complex baseband signal with high power and efficiency. On the other hand,
modern telecommunication standards such as Long-Term Evolution (LTE) or 5G
New Radio (NR) use modulation schemes such as orthogonal frequency-division
multiplexing (OFDM), quadrature phase-shift keying (QPSK), and 64 - quadrature
amplitude modulation (QAM), which have a high PAPR. This high PAPR value in
modulation schemes tends to drop the efficiency of the overall transceiver system

because RF PAs operate at average power most of the time with a large backoff.

To increase the efficiency of the RF PAs with time-varying envelope signals, several
solutions have been proposed [1]-[4]. The dynamic biasing technique reduces the RF
PA’s DC power consumption by changing the dc-bias voltage (DCV) or dc-bias current
(DCB) of the PA depending on the output power level [S]. In the load modulation
technique, the load impedance of the RF PA is changed depending on the input signal,
so the maximum efficiency of the PA is always maintained [6,7]. In both envelope
elimination-restoration (EE&R) and envelope-tracking (ET) techniques, the supply of
the RF PA is dynamically varied according to the input envelope voltage, as seen in
Figure 1.1 [8]-[10]. Thus, excessive power consumption caused by constant supply

voltage is prevented.

ET supply modulators use the amplitude-modulation (AM) information of the envelope
signal to modulate the supply voltage of the RF PAs [11]-[13]. Instead of using a
constant voltage for RF PAs, the ET system provides a dynamic supply voltage with
minimum distortion. ET systems can also be considered as an improvement on EE&R
technique, which both amplitude-modulation and phase-modulation (PM). Since the
EE&R technique is dependent on both AM and PM information, a timing mismatch in

EE&R becomes much more crucial than in the ET technique [14].



Non-tracking Supply Voltage Tracking Supply Voltage

kbl

LudL

Dissipated energy as heat

Figure 1.1 : Non-tracking Supply Voltage vs ET

1.1 Purpose of Thesis

The design of an AC-coupled envelope tracking hybrid supply modulator is the main
purpose of this thesis. A supply modulator circuit generates a supply voltage for PAs
and consists of many subcircuits with local feedback. All of these subcircuits must
operate without limiting the supply modulator’s performance. This thesis aims to
provide a thorough explanation of the system’s operation and the subcircuits’ operating

principles.

1.2 Literature Review

Designing a supply modulator for a power/audio amplifier has been a highly preferred
research field for the last 15 years. Even before the rise of wireless communication,
there has always been a need for efficiency improvements for power amplifiers. In the
literature, there have been several works that increase the power amplifier’s efficiency

by combining different amplifier topologies in parallel or series with each other.

LDO-based linear modulators take advantage of their simple structure and high
bandwidth [6,15,16]. However, efficiency of this modulators can be considered quite
low because all the RF power is delivered by the power transistor of the LDO, which

is mostly always on.



Modulating the supply of the RF PAs with highly efficient switching regulators are
reported in [17,18]. Despite highly efficient operation, high ripple noise and low

bandwidth limit the usability of this kind of the supply modulator topologies.

Parallel hybrid envelope amplifiers are well-known topologies, even before they have
found a place in mobile telecommunication systems. Several studies have been done
to improve the efficiency of the audio amplifiers. These studies have explored the
utilization of a Class-AB operational amplifier in parallel with a switching amplifier
[19,20]. Additionally, the behavior of hysteretic hybrid structures has been analyzed

in [21] for different output voltages and load resistances.

In recent years, classical hybrid amplifiers have been resurfaced to be used in
mobile telecommunication systems to increase the efficiency of the RF PAs. In this
methodology, a high-speed Class AB linear amplifier is used in parallel with a highly
efficient switching amplifier to provide the power required by PA [22]-[31].

The AC-coupled ETSM is introduced in [32] to reduce power consumption of the linear
amplifier by shifting the output voltage of the linear amplifier with a large off-chip
capacitor [33]-[39].

As an alternative to these methods, multi-level converter topologies are proposed to
change the supply voltage with discrete voltage levels depending on the input envelope

voltage [40,41].

1.3 Organization of Thesis

The thesis is organized as follows: In Chapter 2, envelope tracking systems and
conventional envelope tracking supply modulator architectures are explained. In
Chapter 3, the structure of the designed AC-coupled ETSM and its sub-blocks are
explained. In Chapter 4, the simulator results of the supply modulator and sub-blocks
are presented. Finally, in chapter 5, the conclusions about the thesis are given, and

future works about the design improvements are discussed.






2. ENVELOPE TRACKING SUPPLY MODULATOR ARCHITECTURE

2.1 Introduction

RF PAs are the key building blocks in modern telecommunication systems for the
transmission of high-speed data. Modern telecommunications standards, such as LTE
or 5G NR, have high PAPR values, which drop the efficiency of the RF PAs. ET supply
modulators use the envelope information of the transmitted signal to provide a varying

supply to RF PA, thereby increasing the efficiency of RF PA.

Figure 2.1 shows the block diagram of the conventional ET supply modulator
architecture. The envelope signal is provided to the supply modulator with a
digital-to-analog converter (DAC) and is low-pass filtered to remove unwanted
switching noise from the converted envelope signal. An envelope-shaping function is
applied to improve the efficiency of the supply modulator by artificially manipulating
the input envelope. The supply modulator’s output is connected to the power amplifier
to produce a dynamic supply. A delay element is usually put into the input of the
power amplifier to match the timing between the input envelope signal and the dynamic

supply voltage.

| Envelope %
Shapin DAC

Figure 2.1 : Conventional ET Supply Modulator Block Diagram
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2.2 Parallel Hybrid Envelope Tracking Supply Modulator
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Figure 2.2 : The parallel hybrid envelope-tracking supply modulator

Figure 2.2 shows the block diagram of the parallel hybrid envelope tracking supply
modulator. The system consists of a low-efficiency, high-speed linear amplifier and a
high-efficiency, low-speed switching regulator. Typically, linear amplifiers are selected
as a rail-to-rail Class AB topology to increase efficiency and cover the whole supply
range. An additional switching regulator is usually inserted to dynamically change the

supply of the linear amplifier under various operating conditions.

A circuit-level description of the hysteretic parallel hybrid supply modulator is
depicted in Figure 2.3. Input envelope signals are usually applied differentially to
increase the common-mode rejection ratio (CMRR). The sensing mechanism is usually
accomplished by inserting a small resistor between the RF PA’s supply and the output
of the linear amplifier. However, this additional sensing resistor drops the efficiency
of the supply modulator, and several other works have been published to solve this

problem [2,16].

There are two different feedback loops in the system. The first feedback is applied
to the high-speed linear amplifier to maintain the time-varying AC current, and the

second one is applied to the PWM switching converter to maintain the DC current.
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Figure 2.3 : Circuit level description of hysteretic hybrid supply modulator

As illustrated in Figure 2.3, the supply modulator has a hysteretic type of control
loop. Hysteretic loops are self-oscillating (bang-bang) types of loops in which the
oscillation frequency is non-constant and varies depending on the circuit parameters.
The speed and simplicity (no compensation is needed) make hysteretic control loops
highly selectable for supply modulator architectures. In Figure 2.3, the hysteretic
comparator creates a control signal when the linear amplifier generates an AC current,
which passes through the sensing resistor and creates a differential voltage higher
than the hysteresis value. If the linear amplifier generates too much AC current that
flows through the supply of the power amplifier, the control loop turns on the PMOS
transistor in the buck converter and reduces the current of the linear amplifier. Similar
behavior happens when the linear amplifier generates too much AC current in the
opposite direction, and the control loop turns on the NMOS transistor and reduces

the output current of the buck converter.

The switching frequency of the hysteretic hybrid supply modulator can be expressed

as [10]
Rsense - Versm(t) - Voo — Versm(t))

2.1
2-Vpp-N-L-VyysTERESIS

fvw =

where Rgenses; VETSM, VvDDs N, L, and Vpysteresis are the values of the sensing
resistor, the supply modulator’s output, the supply voltage of the overall system, the
current gain ratio, the inductor value of the buck converter, and the comparator’s

hysteresis, respectively.
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Figure 2.4 : The typical current waveforms of conventional supply modulators

The typical current waveforms of the parallel hybrid envelope tracking supply
modulator can be seen in Figure 2.4. The average output power is supplied by the
Isw, which is the current of the switching converter. The linear amplifier senses the
output voltage with feedback and applies an additional AC current to set the supply

voltage of the RF PA relative to the differential envelope voltage.

The AC-coupled version of the supply modulator is depicted in Figure 2.5. The output
voltage of the linear amplifier is shifted by a large off-chip coupling capacitor. Thus, a
lower supply voltage can be used for the linear amplifier, which increases the system’s
efficiency. However, the new DC feedback control loop that controls the DC voltage
level across the off-chip capacitor makes the design more complicated and increases

the design time.

The DC feedback loop controls the DC voltage across the capacitor by generating a

DC current offset in the linear amplifier output. The DC offset voltage equations are



given in [37]
AVorFser = —— / ILaout(?) (2.2)

ILAout (t) — ISupply (t> - ISW (t) (23)

Envelope
Signal

N\/\/v\/\m

- Voffset + T~

Figure 2.5 : The schematic diagram of the AC-coupled supply modulator

2.3 Parallel Hybrid Supply Modulator Power Loss Sources

The total efficiency of the RF transmitter heavily depends on the combined efficiency

of the supply modulator and RF PA [6]. This can be described as

Noverall = TIETSM * NRFPA (2.4)

So, increasing the efficiency of the supply modulator also increases the efficiency of
the RF transmitter. However, the high bandwidth requirements of modern telecommu-
nications standards create a challenge for high-efficiency supply modulators. This can

be attributed to the nonlinear bandwidth extension of the complex baseband signal as

earctan ( % )

En(t) = /11> +0(1)?, ¢(1) = (2.5)

As can be seen from (2.5), envelope extraction causes a nonlinear operation for the
I(t)/Q(t) data. This spectral growth can be three times of the original RF bandwidth [2].
Thus, a high-bandwidth linear amplifier must cover the increased envelope signal’s

bandwidth without adding distortion to the output of the RF PA.

Major power losses in an envelope-tracking supply modulator system are shown in

Figure 2.6. Main losses can be classified as: dynamic and static power consumption of
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Figure 2.6 : Loss sources of hybrid supply modulator

the linear amplifier; switching and conduction losses of the buck converter; and power

consumption of the control blocks [26,39].

The dynamic and static power consumptions of the linear amplifier can be shown as

1 T
Psourcing - 7/0 (VLA (t) - VETSM(I)) : lsourcing (t)dt (26)
1 T
Psinking = ?/() VETSM(t) 'Isinking (t)dt (2.7)
1 T
Pbias = T/O Via (t) ‘Ibias (t>dt (2-8)

Lsourcing(t) and Iginking(t) currents can be expressed in terms of the output current of the

linear amplifier, Iy pqu(t), as

e Aout(?)] — ILAou(?)

I aout(?)| + ILaout(t
[ Taou(?)] our(?) Linking (1) = 2

Isourcing (t) — 2 ) (29)

When a power MOSFET switch is turned on, the finite series resistance of the switch
exhibits a power loss. This power loss can be reduced by increasing the width of the
power transistor, but at the cost of increasing the switching power loss. The conduction

power losses can be expressed as average current (I,y) and duty cycle ratio (D) as [42]

1 T
Pppyyos(t) = 7/0 (VBuck — Vsw (1)) + Ippyo5 (1) dt = Ic%vg *Ronp-D (2.10)
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1 T
PPNMOS(I) = T/O Vew (t) 'IPNMos(t)dt :Ic%vg*RONN (1-D) (2.11)

where Ronn and Ronp are unwanted series resistances of the power MOSFET

transistors.

When a transistor is switched, the parasitic capacitance of the power MOSFET devices
must be charged or discharged. This dynamic charging and discharging mechanism

creates a power loss, which can be expressed as
Psw = Vi fow - Cp (2.12)

where fg, and C, are the switching frequency and parasitic capacitance of the
MOSFET device, respectively. The output power of the supply modulator can be
expressed as

1 T
Persm(t) = 7/0 Versm (t) - Isuppiy (t)dt (2.13)

where Versm(t) and Isyppiy(t) are the output voltage supply modulator and total added

currents of both the linear amplifier and switching regulator, respectively.

The supply modulator’s efficiency can be described as

Persm

-100
PETSM + P, sourcing + P, sinking + AR bias 1 P Pryvos + P Pxmos + P Control + PETC
(2.14)

NETSM =

As can be seen from (2.14), efficiency can only be increased by reducing the power
losses of the internal circuitry. Three-level converter topologies can be used to decrease
the power losses of the power MOSFETs. Dynamic biasing and AC-coupled SM

topologies also reduce the linear amplifier’s power consumption [37].

11






3. AC-COUPLED HYBRID SUPPLY MODULATOR DESIGN

3.1 Introduction

As mentioned in Chapter 2, AC-coupled hybrid supply modulators are a proposed
version of classical hybrid supply modulators. The primary distinction lies in the
placement of a capacitor between the PA’s supply and the linear amplifier’s output,
which serves the purpose of DC level shifting. The designed AC-Coupled ETSM for

this thesis is depicted in Figure 3.1.

Internal feedback consists of two feedback loops. The slow feedback loop, which
constantly monitors and stabilizes the offset voltage by adding a DC current offset to
the linear amplifier’s output current, controls the DC voltage of the coupling capacitor.
The fast feedback loop operates as a current-controlled current source (CCCS) to
supply the average current to the power amplifier. The linear amplifier in the global
feedback acts as a voltage-controlled voltage source (VCVS) to set the output voltage
related to the differential input envelope voltage. An internal variable capacitance bank
is added to the supply modulator’s output to change the load capacitance in active

operation.

Fast Path

D
A AW

Figure 3.1 : The designed AC-coupled hybrid supply modulator
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The system consists of many subblocks. The linear amplifier can be considered the
most important block in the system. The linear amplifier should have sufficient loop
bandwidth to not restrict the bandwidth of the envelope and create distortion. Also,
the envelope amplifier must sink and source the current that is needed for the load. In
addition, the envelope amplifier must be stable over a vast range of load variations.
These attributes make the design of the linear amplifier challenging, and several works
have been done to improve the efficiency, bandwidth, and current handling capacity of

the linear amplifier [25,28,35].

3.2 Proposed Linear Amplifier

3.2.1 Core design

The schematic of the proposed linear amplifier can be seen in Figure 3.2. The first stage
of the linear amplifier is designed as operational transconductance amplifier (OTA).
M3, My cascode transistors are implemented to protect M| and M, input differential
pair transistors from overvoltage. The M7 and Mg diode-connected transistors create
a level-shifting voltage for cascode transistors. The driver stage is designed as Class
AB to drive the heavy load rail-to-rail without increasing the quiescent current of the

linear amplifier.

Conventional linear amplifier topologies use regular voltage transistors at the output
stage of the linear amplifier. To decrease parasitic capacitances and improve the
bandwidth of the linear amplifier, the Mg and M»4 transistors are implemented with
low-voltage transistors that have lower length values. However, low-voltage transistors
are more suspectable to voltage breakdown than regular transistors. So, a protection

circuitry must be embedded in the linear amplifier to prevent drain-source breakdown.

In Figure 3.2, red lines denote the proposed protection circuit. M9 and Mg transistors
form a protection mechanism that prevents the drain to source voltages of both Mg
and My, transistors from exceeding beyond breakdown voltage. This structure is very
similar to the gain-boosted amplifier with a common-source stage, which is used to

increase the DC gain of operational amplifiers [43]. The only difference is that the

14
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Figure 3.2 : The proposed linear amplifier

M3 and M,y transistors act as clamps that prevent the gate-source breakdown of the

M, and Mj3 transistors. The clamp voltages are set by precise voltage references.

To bias the Mg and Mjy4 transistors, M;s and Mj¢ laterally diffused
metal-oxide-semiconductor (LDMOS) transistors are used to create a floating voltage
source [44]. This biasing structure is also called trans-linear loop and provides a supply
voltage-independent quiescent current [45]. The V¢ap and Veusn biasing voltages
are also applied to M7, My, and Mjs transistors to protect M, Mg, and Mg

low-voltage transistors.

NMOS gate protection and PMOS gate protection circuits are embedded in linear
amplifier to prevent the gate-source voltages of the low-voltage transistor from

exceeding beyond the breakdown region.
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3.2.2 The current-sensing circuit

A current-sensing circuit is needed to precisely control the internal feedback loop of the
hybrid supply modulator. The current sensing methods are shown in Figure 3.3. The
simplest method is to use a resistor connected between the linear amplifier’s output
and the supply of the PA, as shown in Figure 3.3(a). Although this method is very
effective and simple, power consumption can be significantly high, even for low power

applications.

P

™M

Sense_Out,
Sense_Out;

T

P
M

Sense_Out,
Sense_Out,

&
\V4

Figure 3.3 : The current sensing circuit types

A more advanced method is to use a replica branch to generate sensing voltage,
as shown in Figure 3.3(b) [27]. While this method solves the power consumption

problem, the nonlinear effects can be significantly higher for linear sensing.

As shown in Figure 3.3(c), using a replica branch with an opamp in feedback solves

both problems in previous cases [3]. The opamp senses the linear amplifier’s output

16



and creates a current that flows through the replica branch. The resistor in the feedback
path can be used as a current-sensing circuit. The drawback of this approach is that
the opamp must have rail-to-rail input and output and must be fast enough to track the

linear amplifier’s output.

In this thesis, the last method is used to implement a current-sensing circuit. The
schematic diagram of the sensing circuit is depicted in Figure 3.4. The replica
current is nth times-divided by the linear amplifier’s output current for reducing power
consumption. The differentially sensed voltage is converted to single-ended voltage to

be processed by the hysteretic control loop.

dend

Differential to

t low /N N
* NS 1
+ Current Li}
o)

t Sensing = Voffset +
= | E-
I Fl I

Figure 3.4 : The schematic diagram of the current sensing circuit

3.2.3 The layout of the linear amplifier

The layout of the linear amplifier is illustrated in Figure 3.5. The output transistors
are positioned at the top of the layout, as shown in the figure. The sensing
transistors are placed in the center of the output transistors to increase the matching.
Common-centroid and interdigitation techniques are applied to the circuit blocks that

need to be matched.
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3.3 Hysteretic Comparator

A comparator circuit is one of the most fundamental building blocks of today’s
microelectronics. An analog comparator compares two analog signals with each other
and generates a digital output based on the difference. In hysteretic supply modulators,
a hysteretic comparator is generally used in the internal feedback system. A hysteresis
can be defined as the change in the comparator threshold value depending on the state
of the comparator’s output. [46]. A transfer curve of a typical hysteresis graph is given

in Figure 3.6.
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Figure 3.6 : The typical diagram of the hysteresis

The hysteretic comparator that is used in this work is shown in Figure 3.7. Internal
positive feedback, which is the result of M5 and Mg transistors creating a positive
feedback loop, creates the hysteresis. If the transconductance values of the My and
M7 transistors exceed those of the M5 and Mg transistors, hysteresis cannot be formed.
To increase the voltage swing and gain of the hysteretic comparator, a Class AB-type
output driver is embedded in the hysteretic comparator. The hysteretic comparator

layout is given in Figure 3.8.
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3.4 Hysteretic Current Mode Buck Converter

3.4.1 Overview

DC-DC converters are popular choices in mobile systems where power conversion
must be handled with high efficiency [47]. Most modern ETSM systems use DC-DC
converters to dynamically control the supply of linear amplifiers because they maintain

high efficiency values for large load variations.

The most commonly used control strategies for pulse-width modulator (PWM) DC-DC
converters can be classified into three different categories: voltage-mode control
(VMO), current-mode control (CMC), and hysteretic control. A representation of these

control strategies is given in Figure 3.9.

VMC DC-DC converters fundamentally consist of an error amplifier, a ramp voltage
generator, a comparator, and a power stage to perform the conversion. The error
amplifier serves the purpose of amplifying the error voltage, which is defined as the

difference between the output of the DC-DC converter and the reference signal.

VMC converters usually have very complex compensation schemes that increase the
design time. The ramp generator is used to generate a PWM signal to vary the
duty cycle (D) to control the power stage. While VMC DC-DC converters have
excellent properties of predictable EMI and good dynamic line response, the increased

complexity of the compensation scheme and the high quiescent current demand of
Vb_|qr,v.3

VinMD-lqu M2F|-qvm, >

I

+

Figure 3.7 : The schematic diagram of the hysteretic comparator
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Figure 3.8 : The layout of the hysteretic comparator

internal blocks reduce the practical applications of VMC DC-DC converters. The

functional block diagram of the VMC can be seen in Figure 3.9(a).

CMC DC-DC converters are very similar to the VMC, with the difference that the ramp
signal is generated from the inductor current. Controlling the internal loop with the
inductor current reduces the transfer function of the control system into a single-pole
loop, which reduces the compensation complexity far more than the VMC converters.
However, CMC DC-DC converters have a very serious problem known as subharmonic
oscillation in continuous conduction mode (CCM) for duty-cycle values that are greater
than 0.5. A compensation ramp might be added to the feedback system to solve this
problem, but introducing a ramp compensation makes the control scheme closer to the

VMC [48,49]. The functional block diagram of the CCM is depicted in Figure 3.9(b).

The hysteretic (bang-bang) DC-DC converters are one of the oldest known converter
topologies in the literature. The simple nature, lack of compensation, and high

loop bandwidth properties make this converter topology an excellent choice for
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Figure 3.9 : The control strategies of DC-DC converters

state-of-the-art, highly efficient supply modulator systems. However, the non-constant
switching frequency and high sensitivity to the off-chip components increase the
unpredictability of the hysteretic DC-DC converters. Fortunately, several works have
been done to reduce the unpredictability of the hysteretic DC-DC converter by applying

constant ON-time, constant OFF-time, and artificial ramp generation [49,50].

3.4.2 Core design

Gate Driver

<

ﬁ Ref

Hysteretic
Comp

Figure 3.10 : The schematic of the hysteretic current-mode buck converter
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A current-mode hysteretic DC-DC converter is designed in this work to produce a
dynamic supply voltage to the linear amplifier. A conventional schematic diagram of
the hysteretic buck converter is shown in Figure 3.10. The feedback signal is generated
from the inductor current via the passive Filter-sense method [51]. As indicated in
Figure 3.11, the passive Filter-sense method is one of the simplest and most efficient
methods for measuring the inductor current with high efficiency and low complexity.

For proper sensing, the passive component values should be chosen as follows:

L
Z:CF‘RF:TO Iy -rp = Vcr (3.1)

As shown in (3.1), the voltage difference across the capacitor becomes the same as
the voltage across the parasitic resistance of the inductor if the time constants of the

inductor’s parasitic resistance and inductor match Cg*Rp.

Drive D—

Gate Driver

Figure 3.11 : The Filter-sense method to measure the inductor current

Similar to conventional supply modulator architectures, the hysteretic buck converter
in Figure 3.10 operates in a self-oscillation condition. The switching frequency is
heavily dependent on the hysteresis windows Vy, Vypp, and Vg, which can be

expressed as [52]

1 Voo — Vou) -V,
ow = g = v -V””’-)T = (3:2)
Voo —Vou T Vou DD YHfC

The schematic diagram of the designed buck converter is depicted in Figure 3.12. The
current of the inductor is sensed and injected into the resistive feedback node to reduce
the sensitivity of the buck converter to PCB parasitics. A feed-forward capacitor is
added to the feedback node to improve the transistor response of the buck converter

[49]. The hysteresis range and DC output voltage are dynamically controlled with
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Figure 3.12 : The designed hysteretic current mode buck converter

an embedded DAC. A ZCD circuit is embedded in the gate driver to prevent reverse

inductor current.

The gate-driver schematic is shown in Figure 3.13. The circuit in [53] is adopted
to create dead-time in driving signals to prevent short-circuit conduction and reduce
power consumption. Since it is intended that the overall design must operate at
voltage levels that are higher than the gate-source breakdown voltage of the transistors,
low-voltage to high-voltage (L2H) and high-voltage to low-voltage (H2L) level shifters
are embedded in the buck converter. The control signal is provided by the ZCD
circuit. Cascaded drivers are placed at the output to reduce the delay time of the power

MOSFET gate drivers.

The detailed schematic diagram and layout of the proposed zero-current detector can
be seen in Figures 3.14 and 3.15, respectively. The work in [54] is improved to relax
the input common-mode range requirements of the comparators. The Schmitt trigger
and delay cell are used to buffer the driver signal to prevent glitches. Since the supply

voltage of the buck converter is beyond the safe operating area (SOA) limits of the
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Figure 3.13 : The gate-driver circuit

transistors, the switching node of the buck converter cannot be applied directly to the
comparator inputs. To overcome this, the M| LDMOS transistor is used as a buffer to

isolate the switching node from the input transistors.

R;-Rs resistors are used to create a DC offset voltage to increase the common-mode
voltage of the comparator. The drawback of this approach is that when the M;
transistor is turned on, the voltage levels of the comparator inputs are usually very
close to each other, and slow settling of the “Comp Iny” node can cause a wrong
decision. This turns off the NMOS power transistor, and all the high current must flow
through the parasitic diode of the power transistor, which lowers the efficiency. So, in
the proposed version, the M, transistor is placed to create a DC offset to remove the

potential glitches.
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Figure 3.14 : The proposed ZCD circuit

The schematics of the level shifter circuits are shown in Figure 3.16. To drive the
PMOS power transistors, a level conversion must be handled from Vpp-0 to 2-Vpp
-Vpp. Since the gate-driver circuit has a feedback mechanism that requires the state
of the gate voltage of the PMOS power transistor, a level shift is also needed from
2-Vpp-Vpp to Vpp-0. The layouts of the L2H and H2L circuits are given in Figures
3.17 and 3.18, respectively.

The L2H level shifter can be seen in Figure 3.16(a). M;-M, transistors use LDMOS
structure. The design is very similar to the conventional level shifter circuit, with

the difference of M3-My transistors. Ms3-My transistors are biased with internal

Figure 3.15 : The layout of the proposed zero-current detector
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Figure 3.16 : The level-shifter circuits

current-sinking LDO to protect M5-Mg transistors from overvoltage stress. The H2L
level shifter circuit can be seen in Figure 3.16(b). The circuit is an inverted form of the
L2H level shifting circuit. Similar to the L2H circuit, Mg-M;; are biased with internal

LDOs to protect M7-Mg and M3-M 4 transistors from overvoltage stress.
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Figure 3.17 : The layout of the L2H level shifter
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Figure 3.18 : The layout of the H2L level shifter

3.4.3 Hysteretic buck converter layout

The hysteretic current-mode buck converter layout is shown in Figure 3.19. The
gate-driver circuit is placed between the NMOS and PMOS power transistors to match
the delay of the driver signals. The ZCD circuit is placed at the top of the switching
node to reduce the delay and patch inductance to remove glitches. The sensitive
analog circuits are placed close to the ground pad to increase isolation and remove
switching noise. The decoupling capacitors are added near the power lines to reduce

the switching noise. The area of the hysteretic buck converter is 0.511 mm?.
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Figure 3.19 : The hysteretic converter layout

3.5 LDOs

Nearly all on-chip analog circuits require a stable voltage to operate properly. A LDO
circuit produces an output voltage with minimal noise and ripple by using a highly
accurate voltage reference. A conventional LDO regulation loop consists of an error
amplifier, a feedback network, and a pass transistor. The error amplifier is used to
amplify the error between the output voltage and the reference voltage. The feedback
network consists of a resistor divider for simplicity. A feedforward capacitor is usually
added to the feedback network to increase the stability and enhance the transient
response of the LDO. A pass transistor is used to source current to the load or sink
current from the load for regulation [55]. The conventional block diagrams of LDOs

are shown in Figure 3.20.

The feedback loop’s stability is a major concern in designing a LDO. Since the LDO
must cover a wide range of load current and output capacitance variations, the design
space grows exponentially. The LDO in Figure 3.20(a) has a low output impedance
thanks to the NMOS pass transistor, so the output pole of the error amplifier can
be used as the dominant pole. However, the LDO’s output in Figure 3.20(b) is a

high-impedance node. So, the output of the LDO can be the dominant pole in the
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presence of an external output capacitor. In capless LDOs, where capacitances for
LDO outputs are provided on-chip, no off-chip components are used. Thus, Miller
compensation can be applied to the circuit in Figure 3.20(b). The disadvantage of this
approach is that output regulation becomes challenging for a specific frequency range

because the LDO’s output impedance typically peaks between 1 MHz and 10 MHz.

Resistor-
string DA

Resistor-
string DA

U

(a) (b)

Figure 3.20 : The circuit diagrams of the LDO types

3.5.1 Primary high voltage/Auxiliary LDO

The designed high-voltage LDO can be seen in Figure 3.21. The system is very similar
to the LDO topology in Figure 3.20(b). The high voltage opamp is designed with an
internal protection circuit to prevent overvoltage breakdown. The voltage reference is
supplied to the LDO by a high-precision internal resistive-DAC circuit. C; feedforward
capacitor is added to the feedback network to improve stability and transient response.

Rs5 and C, components are added to create the miller compensation.

According to Figure 3.21, the internal bandgap reference (BGR) circuit supplies the
current reference that creates the voltage reference for the LDO. Since the supply
voltage of the BGR is dependent on the LDO and the current reference of the LDO is
dependent on the BGR, a chicken-and-egg situation arises. To solve this, an auxiliary
LDO is embedded in LDO core to wake up the BGR circuit at start-up [55]. A

programmability is added to the R4 resistor to cover the different supply voltage levels.
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Figure 3.21 : The schematic diagram of the high voltage LDO

The layouts of the high voltage and auxiliary LDOs are given in Figure 3.22 and 3.23,

respectively.

3.5.2 Current sinking LDO

The power PMOS transistor in the buck converter operates at 2-Vpp voltage, so the
L2H and H2L level shifters are designed to convert the voltage levels of the driver
signal to different voltage domains. The level shifted driver signals are buffered with

cascaded inverters that operates between the 2-Vpp and Vpp voltage levels. Therefore,

Figure 3.22 : The layout of the high voltage LDO
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Figure 3.23 : The layout of the auxiliary LDO

the current that flows through the Vpp pins of these inverters must flow to a block that

is capable of sinking the incoming currents.

The schematic of the designed current-sinking LDO is shown in Figure 3.24. The M,
pass transistor is implemented with an LDMOS transistor to handle the overvoltage.
Similar to high-voltage LDO, C; and R; components are used to create the Miller
effect. Since the output pole of the circuit is heavily dependent on the R, resistor, the
minimum value must be chosen carefully to satisfy the stability requirements. The
resistor DAC is designed to always maintain Vppgink - 2.5 V voltage at the output of
the current sinking LDO. The layout of the current sinking LDO can be seen in Figure
3.25.
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Figure 3.24 : The schematic diagram of the current-sinking LDO
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Figure 3.25 : The layout of the current-sinking LDO

3.6 Layout of the supply modulator

The layout of the supply modulator is given in Figure 3.26. The hysteretic buck
converter is positioned at the bottom of the supply modulator. The linear amplifier
is placed in the center of the modulator to shorten the internal feedback loops’ sensing
path. The switching amplifier is placed at the top of the layout. The decoupling
capacitors are placed close to the switching amplifier to reduce the glitch in the
sensitive analog signals. The sensitive analog circuits are placed between the linear
amplifier and switching amplifier to make the loop signals as short as possible. The

total area of the supply modulator is 3.051 mm?.
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4. SIMULATION RESULTS

The circuit-level simulations of the supply modulator are given in this chapter. Each

subblock is simulated individually and their performance is discussed.

4.1 Linear Amplifier Simulation Results

The linear amplifier is one of the most crucial blocks in the supply modulator system.
Given that the linear amplifier generates AC current, it is important to consider how
the loop may vary when the linear amplifier sources or sinks current. The simulation
results of the linear amplifier under different loading conditions for different process
corners are shown in Figures 4.1, 4.2, and 4.3. All simulations are done with 4-ohm
load and 100 pF output capacitance, while the output voltage of the linear amplifier is

setto 1.9 V.

The bode plots of the linear amplifier while sourcing 300 mA of current are shown in
Figure 4.1. The linear amplifier shows 40.44 dB of DC gain at the SS -40°corner and
35.83 dB at the FF 85°corner. The minimum phase margin is 58.54°.

Linear Amp Graphs / +300 mA Current

50 e ey . .
—— FF -40C°

Gain (dB)

0 Il Il
10 10° 108 107 108
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50 1 1 | h
10 10° 10° 107 108
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Figure 4.1 : The feedback plots of the LA while sourcing 300 mA of current
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Figure 4.2 : The feedback plots of the LA while supplying zero output current

The bode plots of the linear amplifier at zero output current are shown in Figure
4.2. Since the output stage of the linear amplifier generates no current, the output
transconductance and the overall gain drop considerably. The linear amplifier shows
29.8 dB DC gain for the FF -40°corner and 22.06 dB DC gain for the FF 85°corner. In

addition, the minimum phase margin for whole corners is 75.83°.

Lastly, the simulation results of the linear amplifier while sinking 300 mA of DC
current are shown in Figure 4.3. The linear amplifier exhibits 38.68 dB of DC gain
at the FF -40°corner and 30.48 dB at the FF 85°corner. The minimum phase margin is
58.99°.
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Figure 4.3 : The feedback plots of the LA while sinking 300 mA of current

4.2 Simulation Results of the Current Sensing Circuit

The best regulation is achieved by increasing the speed and linearity of the sensing
mechanism. Figure 4.4 shows the performance of the sensing circuitry under a 40
MHz 5G NR signal. As can be seen from the graph, the sensing circuit’s output linearly

tracks the output current of the linear amplifier.

4.3 Hysteretic Comparator Simulation Results

The hysteresis value of the hysteretic comparator has a great influence on the operating
frequency of the buck converter. By varying the switching frequency, the hysteresis
value indirectly affects the efficiency of the SM. So, designing a hysteretic comparator

with low hysteresis and low offset variation is an important design consideration for
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Figure 4.4 : The transient response of the current sensing circuit

overall implementation. The Monte-Carlo simulations of the hysteresis value and the
offset value are shown in Figures 4.5 and 4.6, respectively. To obtain the results, 250
Monte-Carlo simulations are performed. The 21.83 mV mean, 693.131 uV standard

deviation in hysteresis, and 1.05 mV standard deviation in offset are achieved.

4.4 Simulation Results of the Hysteretic Buck Converter

The hysteretic buck converter’s efficiency variations for 2.5 V and 3.8 V output
voltages are shown in Figure 4.7. The hysteretic buck converter achieves a maximum
efficiency of %96.13 when providing a load of 200 mA for an output of 2.5 V and a
maximum efficiency of %94.4 when providing a load of 200 mA for an output of 3.8

V.

The steady-state transient response of the hysteretic buck converter is shown in Figure
4.8. A 2.2 uF off-chip inductor and a 3.3 puH off-chip capacitor are used to form the
output LC filter. The voltage ripple is approximately 17 mV for a 300-mA load current.
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Figure 4.5 : The histogram of the comparator hysteresis

The output transient response to a 500 mA load step for 3.8 V output is depicted in
Figure 4.9. As can be seen from the figure, when the load current is increased from 20
mA to 520 mA, the output voltage changes by 60 mV. Similarly, when the load current
decreases from 520 mA to 20 mA, the output voltage changes by 30 mV.

50

Offset (mV)

Figure 4.6 : The histogram of the comparator offset

39



Efficiency of the Hysteretic Buck Converter

= 3.8 V Output
2.5V Output

97

96 -

95 1

94 1

©

(%]
T

!

Efficiency (%)
2 8

89 - 1

87 1 1 1 1
0 100 200 300 400 500

Load Current (mA)

Figure 4.7 : The efficiency graph of the hysteretic buck converter
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Figure 4.8 : The hysteretic buck converter transient response

The transient response of the ZCD circuit is given in Figure 4.10. The hysteretic buck
converter operates in discontinuous conduction mode (DCM) while the test signal is
applied. The control signal of the ZCD circuit is triggered when the inductor current
approaches 0 A. After the control signal is sent to the gate driver, the NMOS power

transistor is closed, thereby allowing the current to flow through the parasitic diode of

the NMOS transistor.
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Figure 4.9 : Load step simulation for 3.8 V output
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Figure 4.10 : The transient waveforms of the ZCD circuit

The simulations of the L2H and H2L level shifter circuits are given in Figures 4.11 and

4.12, respectively. The input signals with a 4 MHz switching frequency are applied to
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level shifter circuits. It can be said that the level shifter circuits operate properly as

intended.
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Figure 4.11 : The simulation of the L2H level shifter
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Figure 4.12 : The simulation of the H2L level shifter
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4.5 HV / Auxiliary LDO Simulation Results

The bode plots of the high-voltage LDO are depicted in Figure 4.13. The simulation
is done with a 2 mA load current and 600 pF output capacitance with process and
temperature variations. The maximum loop gain is 105.25 dB at FF -40°corner and the
minimum loop gain is 86.22 dB at SS 85°corner. The minimum phase margin of the

high voltage LDO is 84°at FF -40°corner.
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Figure 4.13 : The Bode plots of the HV LDO

4.6 Current-Sinking LDO Simulation Results

When the supply modulator is powered up, the gate driver circuits of the internal buck
converters may experience an overvoltage breakdown. To remove the overvoltage
stress, the current-sinking LDO is designed to follow the supply voltage of the
modulator at start-up. The simulation result of the start-up sequence of the

current-sinking LDO is shown in Figure 4.14.
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Figure 4.14 : The start-up sequence of the current-sinking LDO

The stability simulation of the current-sinking LDO for different process and
temperature variations is shown in Figure 4.15. An 870 pF capacitance is placed at
the LDO output to accurately simulate the stability of the LDO. The LDO exhibits
a 75.45 dB loop gain at the FF -40°corner and 71.82 dB at the SS 85°corner. The

minimum phase margin is 51°at the TT 85° corner.

4.7 Supply Modulator Simulation Results

The output waveform of the AC-coupled envelope tracking supply modulator for a 40
MHz 64 QAM 5G NR envelope signal is given in Figure 4.16. To simulate the RF PA,
a 4-ohm resistor and 100 pF capacitor are placed in parallel. The graph illustrates that
the supply modulator is capable of tracking the envelope signal without any bandwidth
limitations, and the internal feedback loop generates a stable DC voltage across the
coupling capacitor. The simulated efficiency variation of the supply modulator for

various output power levels is shown in Figure 4.17. The maximum efficiency of
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Figure 4.15 : The Bode plots of the current-sinking LDO

9%82.848 is achieved at the maximum output power, and the minimum efficiency of
9%75.38 is obtained at the minimum output power. When the output power increases,
the power consumption of the internal circuit starts to become less detrimental to the
overall supply modulator efficiency. Therefore, efficiency increases proportionally

with output power. Table 4.1 provides the summary of the designed supply modulator.

Table 4.1 : Summary table of the supply modulator

Parameter Value
Technology 130 nm PD-SOI
Supply Voltage 5V
PAPR 9.796 dB
Application 5G NR C-V2X
Bandwidth 40 MHz
Output Power 225 W
Efficiency %82.131
SM Area 3.051 mm?
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Figure 4.16 : The transient waveforms of the envelope-tracking supply modulator
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S. CONCLUSIONS

Envelope-tracking supply modulators are fundamental building blocks in today’s
microelectronics to increase the efficiency of transceiver systems. As an efficiency
improvement method, AC-coupled modulators are widely used in the literature. In this
thesis, an AC-coupled envelope tracking supply modulator that supports up to 40 MHz
64 QAM 5G NR signals is designed in ST 130 nm PD-SOI technology and verified
in the Cadence Virtuoso computer-aided design (CAD) environment. The supply
modulator is implemented with wide-range programmability to withstand process and
temperature variations. The %82.848 efficiency is achieved at 3W output power. The

overall layout occupies 3.051 mm?.

5.1 Future Works

Considering the efficiency of the hysteretic current-mode buck converter drops
considerably at low current loads, the power consumption of the internal circuit will
be optimized. To handle the extreme low-voltage conditions, the buck converter will
be transformed into a buck-boost converter. In order to integrate the average power
tracking (APT) option into the supply modulator, a switch will be added between the
internal DC-DC converter and the output of the PA. Since all verifications of the supply
modulator are done with simulations, the first objective is to get the measurement

results of the ETSM.
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