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A K-Band CMOS Class E Power Amplifier
Integrated with Voltage-Controlled

Oscillator

Student: Guo-Quan Peng Advisor: Dr. Chung-Yu Wu

Department of Electronic Engineering &
Institute of Electronics
National Chiao Tung University

Abstract

In the next-generation wireless communication;lidgta rate transmission with a high
operating frequency is expected to be realized. rOtree past few years, the
24.05-24.25-GHzIndustrial, Scientific, and Medical (ISM) band, 28- GHz band
provided byFederal Communications Commission (FCC) for therafpen of vehicular
radar have been released.

In this thesis, aK-band CMOS class E power amplifier integrated with
voltage-controlled oscillator is presented. Thepps®ed circuits which consist of a LC-tank
voltage-controlled oscillator and a class E powepliier are designed using 0.18n
CMOS technology. By adopting voltage-controlled ibstor and high efficiency class E
power amplifier, the large-signal operated highpatitpower transmitter circuit can be
implemented with high efficiency performance.

The proposed circuits, including a voltage-conaolbscillator and a class E power



amplifier, are simulated, fabricated with a chipesof 1.05 mrfy and measured. Because of
the layout mistake, and the effects such as EMaguiés effect which are not carefully
considered before fabrication, the measured ouiputer decreases 12.56 dB. Comparing
the results of the re-design circuits with othesgmrsed circuits, however, the class E power
amplifier can have better efficiency under lowep@y voltage. Therefore, class E power
amplifier is suitable for high efficiency applicati, especially for high-integrated low-cost

CMOS technology.
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A K-Band CMOS Class E Power Amplifier Integrated with

Voltage-Controlled Oscillator
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Chapter 1

| ntroduction

1.1. Background
Recently, the research on radio-frequency intedratecuits (RFICS) in higher

frequencies have been accelerated since the fregugectra below 10 GHz have
gradually become crowded by massive requirementdatd transmission from the
modern wireless applications such as Bluetoothglesss local area network (WLAN)
and ultra-wideband (UWB), etc. Many researchersstigate RF transceiver front-end
circuits in 24 GHz because higher operating frequexan provide more bandwidth. In
addition, the 24.05-24.25-GHndustrial,” Scientific, and Medical (ISM) band [1],
22-29 GHz band provided dyederal Communications Commission (FCC) for the
operation of vehicular radari[2]-[3], and the 243¢&nd plan as shown in Fig. 1-1 [4]

are released.

80 MHz (paired 40 MHz segments)

Ch Ch Ch Ch Ch Ch Ch Ch Ch Ch
#1 #2 #3 #4 #5 J #1 #2 #3 #4 #5
L ¥ N P 1 / L ¥ P I ' A Ly

2425 2430 2435 2440 24.45 ¢25.05 2510 2515 25.20 25.25

Frequency (GHz)

Fig. 1-1 24-GHz service band plan release by FCC



In RF transmitter front-end, key components such va#tage-controlled
oscillators (VCOs) and power amplifiers (PAs) hdeen reported in many CMOS
designs [5]-[7]. Nevertheless, in standard CMO®$retogies, the active devices have
poor inherent characteristics comparing to GaAs &iGe, and the passive
components such as planar inductors have highsesosom lossy substrate. These
inherent characteristics seriously degrade theopadnce of the transmitter front-end
circuits. However, today’'s consumers demand wiselggstems that are low-cost,
power efficient, reliable and have a high integnatform. High levels of integration
are desired to reduce cost and achieve compact fdemce the long term vision of
goal for wireless transceiver is to merge as mamgponents as possible to a single
die in an inexpensive technology. Therefore, thera growing interest in utilizing
CMOS technologies for RF pewer amplifier, (PAs) [8]though the output power of
the transmitter can be increased by- utilizing rplétiparallel transistors to implement
power amplifiers [5], the power-added.efficiencyAE) remains the same in such a
structure. To improve the PAE, several _design tegles have been proposed. By
using the special structure of transmission ling aeditional algorithms, the PAE of a

RF CMOS PA can be improved to around 10% [6]-[7].

1.1.1. Review on Class E Power Amplifier

Class E power amplifier is a single transistorrafesl as a switch. It uses a high
order reactive network to shape the switch voltegérave both zero value (zero
voltage switching; ZVS) and slope (zero derivatsxitching; ZDS) at the switch
turn-on. Therefore, the ideal efficiency is 100A4class E power amplifier is showed
in Fig. 1-2. The drain voltage and current wavefornde&l class E power amplifier is

showed irFig. 1-3.
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Fig. 1-3 Drain voltage and current wavefor ms of ideal class E power amplifier



Obviously, the current of the transistor is neaximam when the switch turns
off. However, it will introduce a significant switdurn off losses because the switch is
not infinitely fast. Hence, it will reduce the efitncy. Another drawback is the large
peak voltage approximately 3.564dfa When the switch sustains in the off state.
Therefore, it needs a high breakdown voltage andhas a good choice for

short-channel devices.

An 18 GHz fully-integrated class E power amplifiemproposed in [9], as shown
in Fig. 1-4. It consists of a two-stage cascodelidigry a common source driver, and
an output stage. Due to the limited voltage headrommmon-source amplifiers are
used in the last two stages. The cascode ampldiersised to provide sufficient gain,
good input matching and isolation from the last tstages which potentially could
oscillate. Besides, this proposed fully-integratéts E power amplifier also adopts a
mode-locking (also known as|injection-locking). teiue exploiting the instability of
driver amplifier which is used to jmprove the drifee the gate of output stage. The
mode-locking technique actually‘increases the géthe circuit and reduces the drive
requirement for switching the output transistore domparison table in [9] shows that
this class E power amplifier has significantly heghefficiency and lower input
requirement than that for the previously report®dS PA operating near 20 GHz. It
also suggests CMOS technology is a viable candittatduilding fully-integrated
transmitter near 20 GHz. But the method of itsasoh is too complicated; we
develop another kind of isolation technique to iover this disadvantage as will be
discussed after. Due to the limited voltage heaurcihe power supply of [9] is too

high and the power added efficiency (PAE) is nghrenough.
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Fig. 1-4 Schematic of proposed class E power amplifier in [9]

1.1.2. Review on K-Band (18 - 26.5 GHz) Power Amplifier

Schematic shown in Fig. 1-5 is a 24 GHz currentdenpower amplifier proposed
in [10]. It is accomplished by using two-stage eak& current-mirror structure and it
also operates in class AB mode. Besides, the peoposrrent-mode power amplifier
also uses t.and Lg to resonate the device-capacitance between gdteram of M
and My. It also uses Rfor low frequency.stability-consideration. And toptimized
output impedance transfer network is_determinethbyioad-pull simulation. From the
comparison table in [10], it “"shows that the propo§€MOS current-mode power

amplifier has the highest PAE and the'largest duytpwer among the RF PAs.

L4 L
Cs @ *
B1 ||: \ 4 .
B,
L7
from
mixer
“p

Fig. 1-5 Schematic of proposed current-mode power amplifier in [10]

-4— ) Transmission Line

Schematic shown in Fig. 16 anotheiK-band power amplifier proposed in [11].

It is composed of 3 stages. The first two stagesdarer stage, and the third stage is



formed by two parallel power cells. The typicaldtgmies of the CMOS transistors are
common source and cascode. The biasing point fdisign is at class A for better
linearity. The devices selected in the power cetrevdetermined by the load-pull
simulation from the large signal model provided T §MC, and the Gax Simulation.
The power stage includes two power cells. And thegy cells are in-phase combined
directly. Two odd-mode suppression resistors ofQLare placed within two power
cells for stability consideration. Each power ogfis pre-matched to 100 by an
appropriate matching network before binary comigniihe matching network
includes an inductor (used for inductive peakirag)d impedance transform network,
which is implemented by thin film micro-strip lin€§FMS) used for lower loss than
lumped elements for wide band power match. Appab@ibypass circuits are placed at
each bias point for low frequenecy stability.consadi®n. The comparison table in [11]
shows that the proposédband power amplifier has'the highest gain and gnddut

power in standard CMOS process.

= 6umx64f
H
3 Roop,n
6 pmx 18 6 umx 50 f Vv,
EL ]

% 50 oh % — ;
= = Vit
Thin Film Micro-Strip Line =
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Fig. 1-6 Schematic of proposed K-band power amplifier in [11]
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Schematic shown in Fig. 1i% a 24 GHz power amplifier proposed in [12]. By
shunt combining N times transistors with deviceesiaf (W/N), the parasitic
capacitance g of each transistor is reduced, which means higlagn and output
power performance are maintained. The binary coimfpimethod is a simple way to
combine output power of each transistor with eguielse and loss. To maintain low
loss in output matching circuits with good stabpibitt low frequency, output high pass
matching network is chosen. A shunt short stulmimected to the device to resonance
the parasitic capacitance and provides dc biasatig By shunting the resonance stubs,
the optimum load impedance is calculated via thd lme estimation and the load-pull
simulation. The T-shaped high-pass matching is @sednpedance transformer and
ensures the low frequency stability. In_order thi@ee higher gain and better linearity
performance, the cascode pairs are all biased asschA. It also uses thin-film
micro-strip line (TFMS) for intereonnection-and.clahg stubs. The proposed 24 GHz
power amplifier provides larger gain-and.power-cared to commercial designs.
From the comparison table in"[12];.the proposed gyoamplifier shows the highest

OPygs and saturation power among the CMOS PAs abovet2) G
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Fig. 1-7 Schematic of proposed 24 GHz power amplifier in [12]

Schematic shown in Fig. 1i8a:24.GHz power amplifier proposed in [13]. The
PA has two gain stages with each gain stage cornsist a cascode transistor pair to
ensure stability and increase breakdown voltage.FA is designed to operate in class
AB mode. The output and inter-stage matching neksvar the PA are realized with
the substrate-shielded coplanar waveguide stru¢tureduce power losses and area.
The substrate-shielded coplanar waveguide is lgattinmore than a factor of two
reductions in wavelength at 24 GHz when comparetddtandard coplanar waveguide
structure in silicon dioxide. The short wavelengtha improve isolation and make this
structure particularly suitable for integrating tiple power amplifiers on the same die.
Amplifier stability is improved by the RC network e input of each stage, which

guarantees low frequency stability.
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1.2. Motivation

This research focuses on the novel approach fagmiag and implementing
24-GHz transmitter circuits by CMOS technology.

Because of the applications released in 24-GHz ufegy range, many
researchers are attracted to design high-perforenaand low-cost wireless
applications in this frequency band with advancedQS technologies. However,
CMOS technology has limitation of low supply volkagThat is why traditional
commercial implementation of wireless transceivgyscally utilizes a mixture of
technologies in order to implement a high-perforogan completed system.
Nevertheless, considering the cost and integrateyability, CMOS technology is
still the most suitable choice for designing RFits.

When implementing 24-GHz transmitter{circuits by OBl technology, the
output power of the transmitter can be-increasedutilizing some structures to
implement power amplifiers. \Thehigher_output- povean be achieved, but the
power-added efficiency remains..the same" in suchictstres. Therefore, the
improvement of the PAE of a RF CMOS PA at the highéput power level is a main
course of discussion. According to theses reasenmentioned above, the class E
power amplifier compared with other class of poasplifiers atk-band as the Table
1-1 shown can provide higher power-added efficienidyerefore, at 24-GHz, we
adopt the class E power amplifier as our desigrcivhiies to improve the PAE of a
RF CMOS PA at the higher output power level and tiee voltage-controlled
oscillator as the input signal of class E power ep The use of class E power
amplifier has solved the design conflict betweemriovement of power efficiency
and maintenance of amplifier linearity Kxband system. Besides, in order to solve

the isolation problem, a neutralization techniquestibe developed.

10



[9] *[10] [11] (12] (13]
Technology 0.13um CMOS 0.13ym CMOS | 0.184m CMOS | 0.18um CMOS | 0.18um CMOS
Topology Class E Class AB Class A Class A Class AB
Supply Voltage (V) 15 1.2 3.6 3.6 2.5
Freq (GHz) 18 20 24 18-23 24 24
Output Power
10.9 10.2 171 20.1 22 14
(dBm)
Peak PAE (%) 235 20.5 23.9 9.3 20 6.5
Chip Area (mrf) 0.782 1.05 2.4 0.42 14.28
*[10] : redesign post-sim results of proposed poamplifier in [10]

Table 1-1 Perfor mance of.theclass of power amplifiersat K-band

11




1.3. Main Results and Thesis Organization

In this work, the voltage-controlled oscillator acthss E power amplifier are
designed. The voltage-controlled oscillator is izl by cross-coupled NMOS with
LC tank and PMOS current source oscillator. Besittessvoltage-controlled oscillator
cascades with a cascode buffer. A differential Isirglage common source class E
amplifier is proposed for the power amplifier. Thg the first work including a

voltage-controlled oscillator and a power amplifierK-band applications.

Measurement results show that the measured owpterdrequency and maximum
output power are 23.2 GHz and —2.41 dBm, respdygtifée measured phase noise is
-108 dBc at 10 MHz. The measured output power ctade buffer with power
amplifier is lower than original post layout simiiten about 13 dB. And the measured
total power consumption of VCO ,and| power. amplife29.4 mW from 1.2 V power
supply. From the analysis, experimental-‘results, and regdesrcuit, the proposed

circuit is suitable for high efficiency application

The post layout simulation results;of the re-desigouits show that the output
center frequency and maximum output power are 2432& and 10.41 dBm,
respectively. The phase noise is -119.9 dBc at Hx .M he output power of cascode
buffer with power amplifier is almost the same e priginal post layout simulation.
And the total power consumption of VCO and powep#iner is 56.13 mW from 1.2
V power supply. The power consumption is less tb#rer type power amplifier

because the class E power amplifier operates ahtbshold voltage.

The thesis is divided into five chapters. Chapteinttoduces the background,
motivation and main results of this research. Tlheles circuit design and simulation
results of this thesis will be presented at Cha@emDesign considerations are

discussed in Section 2.1. Then the power amplifieltage-controlled oscillator and

12



the whole circuits design procedures are presant&ection 2.2.1, 2.2.2, and 2.2.3,
respectively. Post-simulation results are show&ention 2.3.

The chip microphotograph, measurement setup, expetal results, revised post
simulation and re-design will be included in Chag@eFinally, the conclusions and

future work will be presented in Chapter 4.

13



Chapter 2

Circuit Design and Simulation Results

2.1.Design Considerations

How to use CMOS technology to design large-sigmahdmitter front-end
circuits is the most challenge part. In order téaobenough trans-conductance, the
transistors’ sizes must be increased. Howevelatiger the size it is, the more serious
parasitic effect it will be. The parasitic capasta effect will provide leakage path for
high-frequency signal or degrade reverse isolaiuh stability. In this research, these
leakage paths for RF signal.jand stability-degraddigcts are resonated and
neutralized by on-chip inductors, respectively. Dagut matching network of power
amplifier is determined by~load-pull“analysis” whicbnsiders the imaginary part
caused by the parasitic effect:

The block diagrams qdolar loop structure are shown in Fig. 24ithis research,
as shown in Fig. 2-1, the proposed circuits inctudevoltage-controlled oscillator
with cascode buffer and a class E power amplifierraalized with 0.13sm standard
CMOS technology. The designed VCO is implementedhieycross-coupled NMOS
with LC tank concept in order to provide a signalirce for class E power amplifier.
The class E power amplifier is also realized byhppsll concept. The Ststage of
cascode buffer the RF signal comes from designe® WCdrive the Z-stage of class
E power amplifier. The -Stage is designed to have capability to provideugh
signal swing that the required output power camdigeved. The specification of the

designed whole circuits is to output more than B@adbutput power at 24 GHz.

14
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2.2.Circuit Design

2.2.1. Class E Power Amplifier

Class E power amplifiers (PA) have been provedegdpular radio frequency
(RF) PAs with high efficiency. Using Class E powamplifier can maintain high
enough efficiency at high output power level. Thiage high enough efficiency, the
output load network must be carefully designed limirate the overlap between
voltage and current waveform at the designatedatipgr frequency and output power
level. Generally speaking, the transistor outpytac#ance included the parasitic
capacitances constructs an optimum parallel reeetanthe output load network and
satisfies the optimum Class E power amplifier cbads. The conditions of Class E

power amplifier were given by.Sokal [14],.and canpoit in the form:

v,,(t,,) =0
Class E - dv_&W -0 (2.1)
at |,

Where ¢, represents the instant at which"the switch cloaed, «,(t) represents the
switch voltage. These conditions can be guaranisethe use of the load network
shown inFig. 2-2. And the voltage and current waveform€lafss E power amplifier
are also shown in Fig. 2-2bove equations show the typical properties of €Ilas
power amplifiers, where the passive components @ed to minimize the
drain-source voltage when the switch closes. Thigpgrty of Class E power
amplifiers is usually called “zero voltage switofiin Furthermore, another one
property can demand that the derivative of the dwitoltage also equals zero at the
switching moment. Which is usually called “zero idative switching”. These
demands will make the amplifier less sensitive itnirtg errors and component

variations [15].
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ccshaping

Vdd,pa
%d

RFCH
A

Fig. 2-2 The load network of class E power amplifie

Fig. 2-3 Voltage and current waveforms of class Eqwer amplifier
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After the switch turns off, the load network opgesas a damped second-order
system as shown in Fig. 2-4 with initial conditicasross ¢ and G and in Ls. The
time response depends on the quality factor Q ef ritatwork for underdamped,
overdamped, and critically damped conditions. Weéenibat in the last case,xV

approaches zero volt with zero slope.

Vccshaping I—shaping

1: Cshunt

Fig. 2-4 Response of class E power amplifier whehe transistor turns off

RL

~y

When implementing a power amplifier at high outpawer level, the most
critical node in the power amplifier circuit'is itsutput node and resultant large
voltage and current swing are regquired. Operateaigit output power level which
implies to need large DC bias means-that the rnétiabuch as metal current density
must be considered. Besides; large voltage anemuswing which implies to the
large-signal operation viewpoint must-also be abm&d with the small-signal
operation viewpoint at the same time. Therefore, the power amplifiers of RF
systems, the output impedance transformation né&svgutput matching networks)
are always implemented by load-line or load-pullalgsis method instead of
traditional conjugate matching analysis method.

The traditional conjugate matching analysis metbaal provide maximal power
transfer only under the condition of no current anttage swing limitation. In other
words, it is always true for small-signal operatidiat’'s why most of RF systems,
such as receiver, adopt traditional conjugate nmadclanalysis method for their
matching networks. However, in the transmitter frend, especially for the output of

power amplifier, the large voltage and current gwire large signal operation
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viewpoints. Because the output of power amplifiewags produces high output
power level, the current or voltage swing alwayaches the limitation of its supply.
Therefore, the output matching networks of powepl#rars are usually determined
by two methods — load-line or load-pull analysistimes instead of traditional
conjugate matching analysis method.

Fig. 2-5shows the quantitative description of the abovdyarsamethods for the
difference of optimal load if the voltage and catrewing are limited. For traditional
conjugate matching analysis method, the load wsist Roap IS chosen to equal to
Rs. Under the voltage and current swing are limitedditions, the “\ax/luax” load
resistance has maximal output power delivered dbiyalbhan any other load

resistance.

(‘ Is Rs VOUT+§RL Wi v/

RL,;}FVQWAX/ Imax

Imax

S

Fig. 2-5 Effect for optimal load when swing is linied

The hand-calculated procedure for load-line amslgan be accessed through
(2.2)—(2.3).
1
POUT,MAX _E (VDC-aneP)I DC @

R opr = Yoo Viree (2.3

IDC

According to these equations, the load-line analysn a common-source

transistor |-V curve is illustrated in Fig. 2-6.
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I RL<R( opT
(lower voltage swing)

RL=R( optT

RL>R( ot
current swing)

Fig. 2-6 Optimal load resistance determined by loatine analysis

The black color load-line is the optimal load remmse determined by load-line
analysis. And the optimal load.resistance valueatpials “\{iax/Ivax”. It shows that
the black color load-line has maximal output powader this voltage and current
swing limitation. The red color load-line is-theatbresistance which is smaller than
the optimal resistance. It will have-the same @urssving but smaller voltage swing
and resultant smaller output power. The blue ctdad-line is the load resistance
which is larger than the optimal resistance. It Wwdve the same voltage swing but
smaller current swing and resultant smaller oupmuter.

Based on the figures and equations of load-lindyarsaabove, the load-line
analysis can be used for quickly determining optinmad resistance, but not
reactance. That is, only the real part of the loagledance (2 can be determined by
this analysis, the effect of imaginary part causgdhe parasitic effect of the circuit
will be completely neglected. Because the load-inalysis bases on I-V curve, the
junction parasitic effect is exclusive. Unforturigteavhen the signal is operated at
high frequency, the parasitic effect induces loBesides, the larger size of the

transistor it is, the parasitic effect is worse aadnot be ignored.
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Considering the parasitic effect and comparinghe load-line analysis, the
load-pull analysis can be used to determine thd logpedance Z both real and
imaginary part, of power amplifiers. The load-paialysis is mainly to sweep_Zo
see how PAs perform. The analysis procedures Bkiest, add a load tuner (¥at the
output of power amplifier. Second, sweep the valtidoad tuner (£) to see the
difference of output power @31) and power-added efficiency (PAE). Because of each
point on Smith chart is a reflection coefficienfdathe reflection coefficient and
impedance are one-to-one mapping for 80 characteristic impedance. When
changing the value of load tuner_jZthe swept data of the same output power and
the same PAE was recorded. The swept data candoetasonstruct constanpb
and constant PAE contours. Third, choose one tedlecoefficient (load impedance)
on Smith chart by trade-off between constagiand constant PAE contours. Using
load-pull analysis to determing-fas several advantages. Because the consignt P
and PAE contours are drawn on-the same Smith chag, easy and obvious to
trade-off between them. Besides,-because-of themore mapping characteristic,
both real and imaginary part of £an be determined as soon as the trade-off point
has been chosen.

Another difficulty for designing power amplifies ithe parasitic effect. Because
high output power is required, a large size of etaghsistor and resultant seriously
parasitic effect are inevitable. Large parasitig @ovides a short path between input
and output at high frequency in common-source drapliTherefore, a resonated
inductor (Lgg) must be added between these two nodes showngn 2y for

resonating parasiticdgfor stability consideration.
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Zx 8 G Zx D
(Lga & Cgya) O—o— } * o
G —_ Zss gmvgs ;DS
(=1/jwCys) (=1/jwCqs)
S S

Fig. 2-7 Neutralization for resonating parasitic Gq
The small-signal model for a common-source amplifeeshownin Fig. 2-8.

Because the S-parameter S12 is desired, input pRasoplaced at port 2 (drain).

I 4 h I
1_1 g (B p Zm h

i

+ + ' |
' I
I V ) E

ZO1 VO1 : ZGSl Igs VX<\L>grn * ZDsl Ids: <> 2

| : ZT2

_ | | - S 0
\ /

Fig. 2-8 Small-sighal model‘of common-source trarstior

According to the definition of St2-shown in (2[4F], the term “\by/E,” can be
expressed by (2.5). Although equations (2.4) as) (@n show the effect for value of
Zyx, it is not obvious. In order to further simplifigis$ equation, the matched condition
at output node is assumed. This condition is alvtays for RF systems. The S22 of
common-source amplifier can be calculated througb)to (2.7).a andp are the
substituted variables for the numerator and denatoinn (2.6), respectively. Under
the matched condition, the conditiong=a" can be derived as shown in (2.8). Thus
the equation (2.5) can be further simplified bystderived condition and the final
result for S12 of common-source amplifier is show(2.9).

For a traditional common-source amplifiek 8 “1/joCgyy” and S12 will become

the equation in (2.10). Thus larger the transisipe it is, larger the value of parasitic
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Cga it has and worse the reverse isolation it becofresextremely case of infinitely
large Gq value, the S12 will become the equation showr2ifhl() and equal to 1 (or O
dB) in general for RF circuits (fore£ = Zo, = Zo = 50 ohm, general case in RF
circuits). 0-dB S12 means this circuit has no aawerse isolation or the equivalent
circuit for this two-port network is short circult.is reasonable because the infinitely
large Gq provides a zero-impedance short path betweenlpand port-2.

If the resonated inductory} is adopted and placed between gate-drain, the
impedance Z in (2.9) will become (2.12). Thus S12 can be zasolong as the
condition in (2.13)s achieved. That is the reason why a resonatactiodis always

adopted for large-sized common-source amplifier.

81252><VZ°2 x You 2.4
’Zo]_ EZ ( . )

h - Z01ZssZos
E, Z, x[(gmzmzeszns +(Z>< Loyt ZyZgs+ Zo1zes) +(Zmzns + Zeszns)]"' Zos x(zxzm +Z, 75+ Zmzes) (25)

ZDS ><(Zx Z01 + ZXZGS + Zmzes)

/.= 2.6
e (ngOlZGSZDS)+(ZXZOl+ZXZGS +ZOlZGS)+(ZOlZDS +ZGSZDS) (2.6)
S22 = Ziy-Zo, ¢ Zo,B 2.7)
Li,vZy, a+lZy,p
S22 - 0=>Z,,p=a (2.8)

S12=2x [ Zo2 xYou _(ZX - ]x Z01ZesZ s

VZoy) ZoBta
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— [ \Y ZOZ ]X ZOlZGSZDS
Z,

2.9
\/201 ZOlzDS+ZGSZDS)+ZOlZGSZDS ( )
S12= VZoz |y Zo1ZesZos (2.10)
\1201 1
m x(Zo1ZDs +ZGSZDS)+ZOlZGSZDS
Z
S12=Y_"22 (2.11)
ZOl
joL
Z, = joly - CH 12 o (2.12)
joCy 1-0°L,C,
if szgngd =127, - 0=S512 -0 (2.13)

For RF system, an ideal inductor is equal to atspath for DC because its
impedance is §L". Therefore, as long as the resonated inductomigiemented, a
blocking capacitor is always used for blocking wessary DC path. This blocking
capacitor, ¢, comes from the consideration during measurenTdrd.cable inherent
resistance between probe and DC power supply isndr8Q. It's not a serious issue
for small-signal systems such as receiver front-ekldwever, for hundreds
milli-ampere transmitter front-end, it may causdlimblt or even several volts drop
during measurement. Because such voltage drop roemgtade internal biasing
points by different levels, DC current may be sunto unexpected path when
measurement. In order to avoid this phenomenoapaaitor must be added to block

DC current from stage to stage.
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Fig. 2-9 is the equivalent network between gaténdraf common-source
transistor. If G is an ideal blocking capacitor (infinite largejrasitic Gq can be
resonated by J4 at desired frequency to increase reverse isolatitowever, the
effective value of inductor (’gd in Fig. 2-10) is slightly smaller thangd. It will
slightly shift the resonant frequency caused Q_M and parasitic g This problem

can be corrected by fine tuning the value gf{10].

Lgd Cb

Gate . Drain
|1

Fig. 2-9 Equivalent network between gate-drain‘of @ammon-source transistor

Gate Drain

|
Cya

Fig. 2-10 Equivalent network between gate-drain ofommon-source transistor

(L g4 is the combination of Ly and Cy)

By (2.2)—(2.3), the transistors’ dimensions androgl load resistance can be roughly
predicted by hand calculation. Because the biasirfcked to \pbp, the variable for

transistor itself is size. And the operation modeclass E, the gate biasing is also
fixed to the transistor threshold voltage. The srstor’s size is also determined by the
required output power. In order to determine tla@drstor’s size, some analysis steps

on transistor which is operated at class E conuitice needed. At first, the transistor
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operates at ideal case which means that the ttansign-on resistance ideally equals
zero. According to the assumption, some initialiglesteps can be provided. But
because of the assumption, these initial desigpssége not suited to design the
circuits. These initial design steps can only daiee some initial circuit parameters.
Therefore, the transistor turn-on resistance shealdconsidered and the modified
design steps could be provided. These design siepsshown below. The load

network of ideal case class E power amplifier isvaf in Fig. 2-11.

Vcc

Switch

Itl ” RFC Ve Cshaping Vi (L) VO(@) =ASin(6+¢) A A
= L {0 — iX =1, Open(off) _l i ssvjiltme
S _Hld s“““‘ll'c N E|lo Closefon)+——2l | »0=pt duty =50%
= L ldea@ltuned ckt = 0.5 7 1.5 2=n cycle
= fo

Fig. 2-11 The load network efiideal.case class Ewer amplifier

At first, the output node Vo'is described in(J.14nd we get lo in (2.15). The
voltage of the shunt capacitor Ve can be calculéteough (2.16) to (2.18). In order
to get g, we use the Fourierintegral-as.shown/in (2.19) @20). Equation (2.21)
and (2.22) show the results of the-Fourier.integdacause RF choke has no voltage
drop, the average voltage of Vc is Vcc. Therefoeeoan get equation (2.23). By the
equation (2.23), we can define the equal load taasi® Rc measured from the power
supply. According to this, the output AC power danshown in (2.24). The overall
drain efficiencyn also can be shown in (2.25). The amplitude A dpotiwaveform

equals a constant c.

Vo(8) = csinat +¢)=csin@+¢) (2.14)
i (5)_V0(9) —isin(9+¢) where C:output voltage magnitude (2.15
oI R ¢ : phase difference at output '
14
V.(6) =< T 1 o(u)du (2.16
B0
Ic(u)=lt—lo(u):It—%sin(u+¢) (2.17)
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g C _
OV.(6) = BH+ BR [cos@+¢)- cosp ], B= ax,,,, (2.1

¢ =71T2f7vc(9)sin(e+¢l)de (2.19)
0= 7—17 V. (6)cos@+ ¢, 116 (2.20)
c=1[R O 71C0S, = 2Sirp, | [R hg,¢,B,R ,P)wherec, = pc  (2.21

nBRLp—I—ZTsinz// + 2Cc0% co®,

7rsing, + 2cosp,

c=1,[R L1, R [B(p,@) where ¢=¢,~¢ (2.2

2cosp sing, +7—2T cog

17 1 7 . N
V. =— | V.(8)d@ =l. B—[—-2gsing — co | 2.23
= =g | VOO B[ ~2gsing — g o | [Rc

C 2
P =(/LZ):EC_Z:ED]292RL :VcczngL (2 2/
out RL 2 RL 2 t ZRSC .
2
pata -9 R (2.25)
I:)DC 2 RDC

According to the class: E power amplifier boundaguation, we can get
equation (2.26) and (2.27). We can get(2:28) f(@r@6) and (2.29) from (2.27). So
the gequals -32.4820r -0.5669 rad. Because the ideal drain efficieatylass E

power amplifiem is 100 %, we can get a group of initial desigruealthrough (2.30)

to (2.36).
Vc(3)|9:n =0 (2.26
V@) _, (2.27,
de o=

=77 '
cosg /2g (2.28
ing =~ 2.2
sing }6 (2.29
¢=-32.482 =-0.5669 rad (2.30
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1

Roc =—==1.7337R (2.31)
:ﬁ (2.32)
=49.052 =0.85613 rad (2.33
X=1.1525R (2.3¢
V.(6),., =3.562\, (2.35,
c=1.074V, (2.3€

Next, the transistor turn-on resistance shouldctesidered and the modified
design steps could be provided. These design stepalso shown below. The load
network of Ron case class E power amplifier is showFig. 2-12.

Vce Vdd=Vcc-ly*Rdc,choke

Rdc,choke 4
"RFV Cshaping v, (|_)

|
t+ II RFCsthaPing (L) Rind VI8! <siaos o Vo(6) = Asin(6+¢)
c ... iX 0(B) = Asin(6+¢) g o *I Lonming “0 R.=Rind+R
S cshunt *Ic shaping R *|° el I
l L simplified *'d =wideal tuned ckt @ f0=
= ideal tuned ckt @ 0T okt
= » =
Switch 4
Open(of e —— Assume
Close(onf) 1.5 | > 0= tswitch duty
"10.57 = > U=OL cycle=50%

Fig. 2-12 The load network of Ron case class E pomamplifier
At first, the output node Vo also can be descritve(2.37). Therefore we get lo
in (2.38). So the node V1 can be described in 2B8cause the transistor has the on
state and off state, the voltage of the shunt gapa¥c can be calculated in two
equations (2.40) and (2.41). According to the twomrdary equations (2.42) and

(2.43), we can get (2.44). The amplitude A of otitpaveform equals a constant c.

V,(6) 2 csin@+¢) (2.37)

V,(6) _

i, (@ 0+ 2.3
i,(0) = RLSln( ) (
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w«n:cgn@+¢w¢xg%sm@+¢>=qsme+@>

X2 a
c =cO1+ (=) 2 pc
R

where ¢1:tan‘1%+¢ o= |1+ (%7 = & tady (2.3¢

W= tan 2

V.. =[l, ——sin(@+@)]x 2.4¢
eon =1 RLS'”( +9)IxR, (

16 wdu=Lfr - S gy C
V. = BJ;IC(u)du B{[lt RLsm(u +¢)du Be+ 5R Jcos@+¢ » cow | (2.41

V, (6=0)=V, (6= 2m) (2.4

V, (6=m)=V,, (8=m)=0 (2.4

[l -~ sin@+¢)]xR,, 7<O< 27
s Lo S qeos@+4)-cop BRI - sig ], GO< .
B BR "R o
Next, we also use the Fourier integral to gewhbich is described through (2.45)
to (2.48). For high efficiency of class E power difrgy, V (6=1) equals zero at the
instant that the transistor turns on as shown #9)2 Therefore we can get equations
(2.50) and (2.51). For high efficiency of class Bwer amplifier, d\{(0)/d6 at
B=ttequals zero. As a result, we can get equation 24 the average voltage of
V(0) equals \, equation (2.53) can be obtained. According t&632, we can define
the dc resistancedg in (2.54). Through (2.50) to (2.52), the dc remise Rc can be

derived in (2.55).

7ICOSP, — 2Sing,
PIIBR. —I—ZTsinz//+ 2cog cog, + BR, sia c<z;‘§+7—2TBF{)n cps

(2.45

c=1R,

c2 I, [R h(¢.¢,B,R R, .0) (2.4
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7Tsing, + 2cosp,

c=IR (2.47)
7—2Tcos¢/+ 2co9 sig,+ BR, sid sm+gBRm sin

c21, R [§(4,¢,B,R,) (2.4
Vc,off (77) = O =Vc,on (ﬂ) @m)
g=— /SR (25

BR, sing + 2cosp

Cc .
|, =—— 2.51)
RLs|n¢ (

o 1 \
g=h= S (2.52)

VAE %T vac 6)d6 =2—; Ivcloﬁ 6)de +511 va @)d6  (2.53
Rye =5 [2 +278R, - gSing (2+ 78R, )-g co9 - BR,, )] (2.54
R, = %[2 +BR(2BR,, +377)] (2.5t
According to the above~equations, -we can. buildaugesign flow by iteration
method to design our circuits. The;design flow ®wn below. First, the output
power level should be set up. Second, we shoulddegegn our circuits to prevent
parasitic effect. Third, we can figure out theialilesign parameters from ideal case.
Fourth, we can use equations (2.50) to (2.52) tagenitial design paramet@hital.
Fifth, according to this design parametgyi value, we can get some other design
parameter such agandp. Sixth, we can define an error valadetween the left and
the right of the identically equal equation fornr @alculate process. Seventh, we can
set up the errag tolerate value. The set up ereotolerate value which we definedg
The errore tolerate valuey is as small as possible. Eighth, if the absolalee ofe is
smaller or equal thamly, the design parameter B amrhre got with the designed

parameters such as Ry,,Rand f. If the absolute value ofs larger tharg,, it describes
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that the iteration is not convergence. Accordingthics, the iteration should be
continued until the iteration is convergence. Njinthaccordance with every,R we
can build up a design table. Tenth, we can desigiatghing network to transform the
50 Q terminal to R,. Eleventh, because of parasitic resistance of takiit, it will
produce appended power loss. And the quality fastdhe tank is defined as £
And the quality factor of the load R of the LC taslkdefined as loaded-Q, QWVhen
the Qank increases, the power loss decreases. Therefergutlity factor of inductor
must be high enough. And the bandwidth of the da&#\ is depended on thge (At
the same time, thedak and Gunk are resonated at operating frequency. Twelfth, to
consider the MOS drain capacitof, Gere are two ways to design our circuit. If the
shunt-to-ground capacitorsgantis larger than Cwe must shunt capacitor at the drain
terminal of MOS to compensate. If the shunt-togcbaapacitor Guniis smaller than
Cij, we must shunt inductor ;at the-drain terminal @d®to compensate. Thirteenth,

we merge all the components and.achieve final &aRa.

Vdd,pa

Vbias1 Ld1
Cshaping1 RFout
Lshaping1
9 Cm1I

‘l C — j:-cpad
PA I ® I shunt1 - 1
Cbllc:ck1 input 1 Cb1I - =

from [ 1 ¢ ¢ | q—Mpm

Rbias1 Lgd1

PA =
input 2 vdd,pa

Vbias2 Ld2
Cshaping2 RFout

J-C pad

I Cs.hunt2 I

Lshaping2
Rbias2 Lgd2 h cm2 ]

—s . r_lMpaz

Fig. 2-13 Schematic of designed power amplifier
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Shown in Fig. 2-13 is the designed power amplifiére proposed PA consists of
two push-pull amplifiers to amplify the signal whic comes from the
voltage-controlled oscillator.

By (2.2)-(2.3), the transistors’ dimensions andiropt load resistance can be
roughly predicted by hand calculation. Because lilasing is fixed to threshold
voltage and ¥p, the variable for transistor itself is size. Thansistor’s size of class
E power amplifier is determined by the requiredootippower.

Two on-chip inductors, J; and Ly, are used to resonate out the parasitic
capacitance of the drain (that is, nodeaBd B) and to bias the drain DC voltage to
Vpp. Because of large size transistors and resulembusly parasitic capacitance,
two on-chip inductors, d41 and Lggp, are used to resonate out the gate-drain parasitic
capacitance & vpa1and Gampa20f transistorsd¥hzand Myay respectively.

The inductors | and Lyz; Which-are tised for resonating parasitic capac#ari
the internal nodes of power.amplifiery(Bnd-B), are determined and simulated with
core circuit of power amplifier ‘during the load-pahalysis. When the inductorg;L
and Lg; are modified, the output impedance transformatiaiwork which is
determined by load-pull analysis will be affectétbwever, the chosen Zand its
corresponding transformation network are for presieircuit — core circuit of PA
with non-modified inductors, load-pull analysis h&s be simulated again for
modified inductors. Therefore the load-pull anadyisas to be simulated again as long
as any part of circuit is modified; iterative siratibns may be needed to determine
the values of resonated inductors and output impegl&ransformation network. For
iterative procedure, it is endless if it is not eergent. From this point of view, the
better way is to increase reverse isolation so ttiedée resonated inductors need no
any modification when the output impedance tramsédion network is connected to

the circuit. That is the reason why both two indugt(Lyq; and Lyqo) are used between
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gate-drain for both stages of PA.

Two capacitors, g and Gy, are adopted to cut out unnecessary DC paths
provided by lyq1 and Lggo. To consider the stability effect, the k and b8ty factor
are shown in Fig. 2-14 — 2-15. The stability fadfiorfactor) is described in (2.56).
And the stability means (b factor) is also desdatibe (2.58). The output impedance
transformation network is composed Ofsn&ing Lshapng Cm and the parasitic

capacitance of the output pag.&

Stability Factor, k
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Fig. 2-14 Stability factor (k factor)

20 L] L] L] L] L] L] L]

Stability Meas, b
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Fig. 2-15 Stability means (b factor)

33



_1-|s1e’ -[s22 +]a’

2|s12s21 (25
A=S11S22-S15 21 (2.57,
b=1+[S17" {S2¥ |A]° (2.58)

In order to minimize chip area, internal nodes sasHPA's input (connected to
VCO) are not implemented any matching networkstebud, shunt inductors are
adopted to resonate out the parasitic capacitaiteese nodes. Because any parasitic
capacitance is equivalent as a short path for figfgluency, it may degrade RF signal
by leakage RF signal to ground. The output nodeelver, is connected to external
50Q impedance probe during measurement. Thereforepubutransformation
network is needed and implemented. by load-pull yamal Fig. 2-16 is the constant
Pout, constant PAE contours and the-chosemy trade-off between them. Fig. 2-17 is
the impedance transformation network, which transsf@0Q port to chosen Z
determined by the load-pull analysis. The-transf#ioad impedance seen by power

amplifier is shown in Fig. 2-18.
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real_indexs11 (-0 599 to 0.399)
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Fig. 2-16 Constant Ry, constant PAE contours and the chosen Z

Impedance transformation network

Cshaping —
|1
| F===000" 7/
I—shaping _T_ _T_

C., Cpac 50 oh

Chosen Z,

Fig. 2-17 Impedance transformation network of poweamplifier
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S(1,1)

freq (1.000GHz to 40.00GHz)

m1

freq=25.00GHz
S(1,1)=0.197 7 143.880
impedance = 35.436 +j8.547

Fig. 2-18 Load impedance transferred by transformabn network

2.2.2. Voltage-Controlled Oscillator'with,Cascede Buffer

We can design a voltage-controlled -oscillator agodage source of class E
power amplifier. There are several-ways to buiM@O. In research work, we adopt
the LC tank VCO which has the best normalized pmasse compared to other fully
integrated structures like ring oscillators, rel#o oscillators, and gC oscillators.
In other words, this architecture has the lowestsphnoise for a given amount of
power. The various VCO constructed by modern CM&®Brology are also reported.
Due to the lack of high Q elements in the conver@ioCMOS technology, the
differential oscillator feature is the mostly oftesed configuration.

LC-tank voltage-controlled oscillators are desmyire NMOS cross-coupled pair
with an inductor L in parallel with a capacitor €onates at a center frequency and a

PMOS current source. The design of LC-tank VCChm in Fig. 2-19.
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Fig. 2-19 The design of LC-tank' VCO

A NMOS cross-coupled pair can provide @ negatiupadance to compensate
the loss of the tank and other parasitic impedancesustain the oscillation. This
circuit is the well-known “negative-goscillator”. And then the different ideal current
sources are used to obtain the different biase@cts of VCO, the appropriate size of
CMOS and values of inductors and capacitors.

The active devices provide a negative resistaoceancel the loss of the tank.
We should optimize these effects of these deviaek as: (1) quality factor (2) gain
of MOS (3) all capacitance of device (4) varact®rghase noise (6) effects of pulling
or pushing frequency. There are many relations &éetwany effects and a tradeoff
each other.

The maximal energy stored in the inductor musaéthe maximal energy stored

in the capacitor as:
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2

Ctankvpeak2 — I‘[ankI peak (2 59
2 2 o

Where the Veais the peak voltage amplitude of the capacitor gaglis the peak

current amplitude of the inductor. And then theslosthe tank is:

2.2 " peak
L(anka)c P

P =RC

loss tankza)czvpeak2 = (26

Where theux is the center frequency of the LC tank. Accordiod2.60), the power
loss decreases linearly for lower series resiseRcé the resonance tank. The tank
inductance (L) can be increased and the power copison will decrease.

The most important design issue in the cross-emlpkir NMOS is to ensure
that the negative impedance is enough to sustainghillation. The channel length is
set to minimum to reduce parasitic capacitance fthieae the highest
trans-conductance. Because of the channel lengttulamion, the phase noise
sideband near the center frequency /is ‘made hydise rof harmonics mixed with
fundamental oscillation frequency. Therefore, we hgpass capacitor.@o filter out
the second harmonic tone of the center frequencichwis composed of PMOS
current source and cross-coupled pair" NMOS. Itnisoider to avoid the second
harmonic tone of the center frequency to mix ughwiite center frequency. By using
bypass capacitor £it also can make sure that the connected nodepsrfect AC
ground. And the design of voltage-controlled oatdi with cascode buffer is shown

in Fig. 2-20.
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On-Chip
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Fig. 2-20 The design of voltage-controlled oscillat with cascode buffer

In order to measure the cascode buffer and clgssaer amplifier performance,
we use a hybrid component at the“input to-divigeitiput power signal path into two
paths. And we use two Bias-Tees-to bias the comsaoince transistors of cascode
buffer. But it will form a serious prablem: When Wes as that, the Bias-Tee circuits
also turn on the cross-coupled pair NMOS. It wiloyide a signal loss path.
Therefore, we add a large size NMOS Msw at theobotof the cross-coupled pair
NMOS to cut off the signal loss path. In normalesagsw will be biased at Vdd,vco.
In such case, Vsw will be biased at ground. Atdb&ut node of voltage-controlled
oscillator, we add a cascode buffer to provide ghoteverse isolation between
voltage-controlled oscillator and class E power kep It also provides gain at the
same time.
2.2.3. Class E Power Amplifier I ntegrated with Voltage-Controlled Oscillator

Shown in Fig. 2-21 are the integrated whole ciguithich consist of a
differential voltage-controlled oscillator integedt with cascode buffer and a
push-pull pair class E power amplifier. The dimensi and functions of other

components are described as mention in sectioh arfl 2.2.2.
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L;, Ly, G and G are the equivalent circuit of two off-chip Biasebefor testing
the cascode buffer with power amplifier. The offpchybrid is used to transform
single-ended RF signal to differential one. Thepattimpedance transformation
network which consists ofshaping Cshaping Cm, @and parasitic capacitance of RF output
PAD (Goad is designed through the load-pull analysis.

The effective schematic diagram which includes inguieffect after layout is
shown in Fig. 2-22. High-frequency electro-magné&i) effect of routing has been
simulated individually by EM-simulated EDA tool nacth HFSS. There are several
sections, such as the inter-stage of VCO-PA, tlaendsf power amplifier, and the
node between impedance transformation network aRdoiRput pad. The routing
effect of inter-stage node comes from the distabeéwveen voltage-controlled
oscillator and power amplifier; others. are. conngdby long wire because of the
guard-ring of inductance. These -wire connectiomslanger thari/10 that their EM
effect can not be neglected,.thusithey are sindilayeHFSS and modeled by the S2P
file (2-port network). The other one_is theZinpuripof RF signal for testing the
cascode buffer with power amplifier. Two S2P filmmnsist of wire connected from
the gate of Musers to RF+ PAD for positive path andgyer: to RF— PAD for opposite
path. The last one is the three-port network wHatates at the gate terminal of
power amplifier. The output transformation netwaevkich includes some S2P files
can transfer 5@ impedance of output port to desired impedancehasis in Fig.
2-19. The procedure and model view for EM analgsis illustrated in Fig. 2-23.

Dimension for all components are summarized ing&bl and Table 2.2.
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On-Chip
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Fig. 2-21 Schematic of designed whole circuits
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(a) Layout View

Fig. 2-22 Schematic-of.desighed whole circuits

(with parasitic routing effect)

(b) HFSS 3-D Model

(d) Ports & Perfect-E

(¢) Radiation
>

Fig. 2-23 Layout, 3-D model and setting for EM anaisis (2-port networks)
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Table 2-1 Summaries of device value

Dimension @m)

M pa 5*30/0.13 Value Value

M paz 5*30/0.13 L gar—Lga2 827.1 pH RpiasrRbiasz | 10 Kohm
Meurenn | 3*20*1/0.35 Lai—Lgo 395.9 pH Cp1i—Cn2 1.38 pF
M current2 3*20%7/0.35 L shaping—L shapingd 868.2 pH CshapingrCshaping2l 70.1 fF

M yeo1 38/0.13 Lenc—Lene | 270 pH Co—Cro | 109.1fF

M coz 3+8/0.13 L buleri—L butter2 | 270 pH Cpad 30 fF

Msw 3*40/0.13 Vidveo s Vdd,buf 3 1oV Chiocki—Colockz | 0.997 pF
M buttert 3*10/0.13 Vdd,pa Ce 2.5 pF
M puerz 3+8/0.13 VbiasrVbasz | 0.3V Cianki—Cuane | 8-18 fF
Mpsers | 3+10/0.13 lae 0.6 mA
M puiors 3*8/0.13
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Table 2-2 Dimension summaries of transmission line

Transmission Line | Width (pm) Length (um)
S2PR, 6 33.95+75.62+105.95
S2BR, 6 41.3+50.51+95.4
S2P; 6 32.37+22.94
S2PR, 6 37.22
S2R; 6 112.31+50.8
S2R, 6 112.31+50.8
S2R, 6 77.29+5.64
S2R; 6 77.29+5.64
S2R 6 35
S2P 6 35
S3P, 6 149.98+62.65+9.4P
S3k 6 149.98+62.65+9.4F

43



2.3.Post-Simulation Results

The K-Band integrated transmitter circuits are desigmed0.13um 1P8M
CMOS technology. And the TSMC 1.2 V NMOS with DNWneponents are used.
From the supply voltage of 1.2 V, the current congtion of the LC tank
voltage-controlled oscillator, cascode buffer atebs E PA are 4.8 mA, 7.97 mA and
25.91 mA, respectively. The total power dissipai®on6.42 mW.

With and without neutralization technique analysigutralization technique
phase shift, neutralization technique phase slifice drain voltage and current
waveforms, large signal S-parameter (LSSP), oupmwter (By) and PAE versus
input power (R) of re-matching stand-alone class E power amplifiesented by
post-simulation are illustrated in Fig. 2-24, Fg25, Fig. 2-26, Fig. 2-27, Fig. 2-28,
and Fig. 2-29, respectively. As‘'shown.in Fig. 24, S12 of re-matching stand-alone
class E power amplifier presented by post-simutatioth neutralization technique
analysis at 25 GHz equals -23.6 dB which-has bpteormance than the S12 which
equals -7.8 dB of that without neutralization tece analysis. Therefore, the
neutralization technique can improve the reverskai®n of class E power amplifier.
As shown in Fig. 2-25, we can find that the nei#etion technique phase shift
(fundamental tone 25 GHz) equals 1.9 degree. Aw/sho Fig. 2-26, the 1.9 degree
neutralization technique phase shift can improvéE R&.49 %) and output power
(0.72 dB). As shown in Fig. 2-27, we can find thadtill has overlapping waveform
and DC power consumption. The overlapping wavef@rormed by the parasitic
effect which can provide phase shift on the draillage and current waveforms. And
the DC power consumption is formed by the turn-emistance effect which can
provide a DC voltage on the drain voltage wavefodeanwhile, the switch
waveform is not a square-wave because that the sigoal comes from VCO. Due

to turn-on resistance and parasitic effect, the Z2vi8 ZDS points are not exactly on
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the point when the switch turns on. And the pedkage value is about 1.81 Vdd. The
peak voltage value does not exceed the breakdowmgeoof MOS component.
Therefore, it is still a reliable and stable desiéwcording to Fig. 2-28, the large
signal S-parameter of re-matching stand-alone da® has S11 of —8.6 dB, S12
of —23 dB, S21 of 4.9 dB, and S22 of —4 dB at 25zGBlue to the re-matching, the
S11 has a good performance. When we simulate tige lsignal S-parameter, we
define the input (4 dBm) and output power (10.49m)Bof the input and output
terminal at the same timBecause the class E PA operates in large sigma52i has
positive gain. Because of the load-pull analydig $22 will not be matched to 50
ohm terminal.“Poy versus R”, “PAE versus R” and “Drain Efficiency versus P
curves in Fig. 2-29 show this power amplifier hasiable power gain because class E
power amplifier is a kind of nonlinear.power-amiglif The maximum PAE is 38.67

% at the input power of 4 dBm and-output.power@#9 dBm.

10
15k
20F
25
30k

S12 (dB)

35
40

astb
sf N/

w/o neutralization |
,' — - —w/i neutralization

55

-60 | 4 1 1 1 I I I
0 5 10 15 20 25 30 35 40

Frequency (GHz)

Fig. 2-24 With and without neutralization techniqueanalysis of re-matching stand-alone class E

power amplifier
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Fig. 2-25 Neutralization technique phase shift ofg=matching stand-alone class E power amplifier
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Fig. 2-26 Neutralization technique phase shift effg
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Fig. 2-28 Large signal S-parameter (LSSP) for re-ntahing stand-alone class E power amplifier
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Fig. 2-29 R vs R, PAE vs P, and Drain‘Efficiency vs P; for re-matching stand-alone
class E power amplifier
Fig. 2-30—Fig. 2-31 show the post-simulation perfance of voltage-controlled

oscillator and cascode buffer with the loading éegido the PA's input impedance.

Fig. 2-30 is the tuning range of voltage-controltegtillator. When the tuning
voltage changes from 0 V to 1.2 V, the frequencgngfes from 23.99 GHz to 24.79

GHz. Therefore, the tuning range of voltage-coilgbbscillator is 0.8 GHz.

Fig. 2-31 is the phase noise of voltage-controdisdillator. From this figure, it's
obvious that the chosen bypass capacitoai@ PMOS current source can improve
the phase noise of voltage-controlled oscillatohergfore, the phase noise of

voltage-controlled oscillator is -117 dBc at 10 MHz
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Fig. 2-31 Phase noise of voltage-controlled osctita
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The post-simulation results for whole circuits al®wn in Fig. 2-32—2-34. Fig.
2-32—2-33 illustrate the output power and overahird efficiency versus tuning
voltage. As Fig. 2-32 shown, it is obvious that theput power is all about 10 dBm
when the tuning voltage changes from 0 V to 1.2%/Fig. 2-33 shown, it is obvious
that the overall drain efficiency is all about 20When the tuning voltage changes
from O V to 1.2 V. The DC power consumption mengidrin Fig. 2-33 is included
with the DC power consumption of whole circuits woly class E power amplifier.
Fig. 2-34 shows the output power spectrum for whaleuits. As Fig. 2-34 shown, it
has about 50 dB harmonic rejection capability. Duéhe differential architecture, it

has a good harmonic rejection capability.
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Fig. 2-32 Ry VS Vune for whole circuits
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Fig. 2-34 Output power spectrum for whole circuits
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Fig. 2-35 shows the post-simulation results for ¢ascode buffer with power
amplifier. “Poyt versus B, “PAE versus R” and “Drain Efficiency versus;f? curves
are shown in Fig. 2-35. The maximum PAE is 21.2%&t%he input power of 0 dBm
and output power of 9.73 dBm. It is because that itiput of cascode buffer is
off-chip Bias-Tee and the DC power consumptionnisluded with the DC power
consumption of cascode buffer not only class E pameplifier.

Table 2-3 and Table 2-4 give the performance sumesaf voltage-controlled

oscillator, power amplifier, and integrated wholewits.

30 ) ) ) ) v v v v 20

B Pout 11
25 —PAE
Drain Efficiency

PAE & Drain Efficiency (%)
[
S
Output Power (dBm)

3 25 20 -15 -10 -5 0 5 10 15
Input Power (dBm)

Fig. 2-35 R vs R,, PAE vs R, and Drain Efficiency vs R, for cascode buffer with power

amplifier
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Table 2-3 Summaries of original post-sim results1

Post-Sim (Original)
Technology 0.13um CMOS
Supply Voltage (V) 1.2
RF (GHz) 25
Voltage-Controlled Oscillator with
s 15.3
c Cascode Buffer
g Class E Power Amplifier 31.1
c
Total 46.4

Table 2-4 Summaries of original post-sim results2

Post-sim (Original) Spec.

8 Tuning Range (GHz) 0.8 -
> Phase Noise @ 10 MHz (dBc) ~117 -
2 Peak PAE (%) 38.67 -
o
E
< Max. Poy (dBm) 10.49 >10
(5]
=
s S11 /S22 (dB) -30.3/-3.3 -
Ju Tuning Range (GHz) 0.795 -
=}
L%) Phase Noise @ 10 MHz (dBc) -117 -
2 Max. Poy (dBm) 10.15 >10
L=
= Overall Drain Efficiency (%) 22.31 -

=

=

o E

£ o

= €

ﬁ < Peak PAE (%) 21.25 -

T 0

8 3

c 0O

O
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Chapter 3

Experimental Results

The proposedK-band CMOS class E power amplifier integrated with
voltage-controlled oscillator is designed and fedied using TSMC 0.13-um CMOS
process. This chapter presenting the chip layast, ¢énvironment, and experiment
results. Measured performance is compared with -@ostlation results and

discussion which is made for further study.

3.1.Chip Layout Descriptions

The chip microphotograph for-the proposed cirasigiven by Fig. 3-vhere the
total chip area, including testing PADs; is 0.92 mit14 mm. The path from inductor
to device is minimized in order:te._ minimize impact its quality factor. The parasitic
inductance and capacitance of inevitable' metaldimeeconsidered and pre-simulated in
advance. Because of the differential structurdefdesigning VCO, symmetric style is
adopted for VCO layout. The power line cell coreisof metal layers®] 3¢, 5", and
7" for ground and metal layerd?24" 6" and &' for Vpp is used in layout. These
power line cells can provide power line between [ixd and core circuits and enough
metal density at the same time. Besides, becawsedh has bypass capacitance
between each two layers, it also can provide entwyghss paths betweemy/bias to

ground.
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Fig. 3-1 Chip micro yosed wholegircuits
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3.2. Measurement Setup

The measurement setup is shown in Fig. 3-2. Tlipgsed circuits are on-wafer
measuring. Two Infinite GSGSG-100 probes are usedlifferential signal PADs.
Two 6-pin DC probe cards with 1Q0n pitch are used for DC PADs. Besides,
because of the off-chip components are neededeaRh output PAD and the RF
input PAD, a Mini-Circuit ZFSCJ-2-1 transformer atwio Anritsu V255 Bias-Tees
are adopted. The S-parameter of the proposed vdirolgits is measured by Agilent
E8364B PNA. The Agilent E8257D signal generator Agilent E4448A spectrum

analyzer are used for linearity and output deliggrewer measurement.

KRYTAR

Agilent E8257D Viias buffer 4060265
Signal Generator | |  6-26.5GHz
’ 180?Hybrid

N Anritsu
o o —- | % 50k-65G Hz
Bias Tee
o— |
Keithley 236 Source Keithley 2400 Source

Measurement Unit Measurement Unit
S==ttio| === i
————

O
s °F5£r' 0
S==tiiolis=oitiiol

CeemilOtittemgh
CeahloiiiEszah

Agilent E4448A

[T
felelic

pmmmarlmatching testing Spectrum Analyzer
1] 1

: E]]ﬁ!!l Agilent E8361A § .o

E 508 PNA Network }

V|80 oB Analyzer E

= =

Fig. 3-2 Measurement setup for the proposed wholercuits

3.3. Experimental Results

The measured results of the proposed whole ciremésgiven by Fig. 3-3—Fig.
3-7. The measured results of sweep tuning voltega D V to 1.2 V are given in Fig.
3-3-Fig. 3-4. As Fig. 3-3 shown, by comparing witle simulation results, it is
obvious that the output center frequency is driftedn 24.4 GHz to near 23.2 GHz.
As Fig. 3-4 shown, by comparing with the simulati@sults, it is obvious that the

output power is decreased about 13 dB.
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The measured results of phase noise, output pqeetrsm and cascode buffer
with power amplifier are shown in Fig. 3-5—Fig. 3H7 some figures, the cable losses
of measurement setup at RF ports are calibrateddr

As Fig. 3-5 shown, by comparing with the simulatr@sults, it is obvious that
the phase noise at 10 MHz is decreased from -1t7@BL08 dBc.

As Fig. 3-6 shown, the center frequency is abouP@35Hz and the output
power is -9.96 dBm when the tuning voltage equasvO

As Fig. 3-7 shown, in order to test the cascodéebuiith power amplifier, extra
cables and off-chip components such as Bias-Tedshgbrid must be used. By
comparing with the simulation results, it is ob\sdhat the output power is decreased
also about 13 dB. The summaries and comparisoa taith the simulation results are
given by Table 3-1.

As Fig. 3-8 shown, the: drain-efficiencCy islow atiee PAE is negative. It is
because that the output power is-smaller_than ippowter. Due to that the output
power is decreased also about<13-dB, the .PAE abdasbuffer and power amplifier

has negative value.
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Table 3-1 Summaries of measurement results

Post-Sim
Measurement Spec.
(Original)
Technology 0.13um CMOS -
Supply Voltage (V) 1.2 -
RF (GHz) 24.4 23.2 24
Voltage-Controlled
S | Oscillator with Cascode 15.3 13.7 -
E
= Buffer
()
D;c_) Power Amplifier 31.1 15.7 -
Total 46.4 29.4 -
Tuning Range (GHz) 0.795 0.602 -
£ | Phase Noise @ 10 MHz
3 -117 -108 -
5 (dBc)
§ Max. Poy (dBmM) 10.15 241 >10
= Overall Drain Efficiency
22.31 1.95 -
(%)
=
=
o E
£ S
= €
ﬁ < Peak PAE (%) 2125 - -
T 0
8 3
c 0O
O
Chip Area (mm?) 1.05 -
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3.4. Discussion

It is obvious that the measured results are quiterent from the results shown
in post simulation. The performance degradation lmarcategorized into two parts.
One is the degradation of the output power. Anoithéne drift of the center frequency.

The detailed explanation will be introduced asdof.

3.4.1. The Degradation of Output Power

The gate waveforms of lvkers given by original post-simulation and by revised
post-simulation are given by Fig. 3-9. It is cleéhat the gate waveform given by
post-simulation is biased to 1.2 V. However, thased post-simulation result shows
that the gate waveform of gkers IS NOt_exactly biased to 1.2 V. It has about 0/46
swing on the 1.2 V DC level. After re-check-theday of the designing circuits, a
mistake of crossover MOS:liner has, been found: Bexahe crossover MOS line
locates at the gate of dkers, 4t Mmay-cause.a-big/ substrateupling effect to let the
gate waveform have about that kind of swing on XtV DC level. The original
routing of the crossover MOS line in schematic Eydut and the difference between
the gate waveform of Msers With and without this crossover MOS line are shamwn
Fig. 3-9. In addition to that the source and botli@.«ersare connected together, the
output power comes form voltage-controlled os@Hiawill be introduced to the gate
of Mputera DY this substrate coupling effect. That is thesosawhy output power

during the measurement is much lower than thabst-pimulation.
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Fig. 3-9 The crossoverMOS line and the effect ithe gate waveforms of Myers

3.4.2. The Degradation of the Frequency Drift

In general, the frequency drift comes from the pifia effect. Because the
parasitic effect had been considered for long migtal as shown in Fig. 2-22-Fig.
2-23, it is possible to underestimate the parasifiect of other nodes. Therefore, the
revised post-simulation has been done by consiglefull chip EM effect and
re-simulated by HFSS. The layout view and 3-D madeHFSS are shown in Fig.
3-10.

Therefore, the revised post-simulation is done bplacing each SNP file

produced by EM simulation in HFSS.
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Fig. 3-10 Layout view and 3-D model in HFSS for raged post-simulation

3.4.3. Revised Post-Simulation Results

The revised simulation results, .comparing with tréginal post-simulation
results and measurement resuits,-are shown imBFig—Fig. 3-15. The sweep tuning
voltage is shown in Fig. 3-11-Fig.~3-12. . The ceritequency drifts to 23.5 GHz
which is similar to the measured results. Campatintihe original post-simulation, it
is obvious that the phase noise and the testingodasbuffer with power amplifier
case shown in Fig. 3-13-Fig. 3-15 of revised posti&tion results close to the

measured results. The summaries and comparisandaebliven by Table 3-2
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Table 3-2 Summaries of revised post-sim results

Post-Sim (Original)| Measurement | Post-Sim (Revised) Spec.
RF (GHz) 244 23.2 235 24
Voltage-Controlled
’;‘ Oscillator with Cascode 15.3 13.7 15.2 -
\f’ Buffer
=
2 Power Amplifier 31.1 15.7 10.9 -
Total 46.4 29.4 26.1 -
Tuning Range (GHz) 0.795 0.602 0.632 -
(%) Phase Noise @ 10 MHz
g -117 -108 -120 -
= (dBc)
(@)
()
° Max. Py (dBm) 10.15 -2.41 2.47 >10
=
Overall Drain Efficiency
22.31 1.95 6.77 -
(%)
£
= .
o =
£ o
2 E
© < Peak PAE (%) 21.25 - - -
T 0
g 3
c O
(@)
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3.5. Re-Design

Because some factor such as the parasitic effectigied by Fig. 2-22—Fig. 2-23
is underestimated, the performance is quite dedgradeneasurement. Therefore, the
purpose of the re-design is to match the origimabkation performance but under the
revised conditions. Under the worse conditions, @ current, transistor’s g
linearity, and power gain are degraded. Therefoo¢,only the passive components,
the dimensions of active components have to befireddo improve the performance.
In addition, the crossover MOS line (Metal 8) shibbk divided into two separate
transmission lines (Metal 6, Metal 6). The compdsend transmission lines which
have modified their dimensions are shown by redrcol Fig. 3-16; the summaries of
these dimensions are given by Table_3-3. The pedoce of the re-design version,
including the detailed EM simulation of modifiedytaut in Fig. 3-17 is simulated.
The results of re-design version,-comparing witiginal and revised post-sim, are
shown in Fig. 3-18-Fig. 3-22. It.is obvious thae thutput frequency and output
power in Fig. 3-18—Fig. 3-19 are similar to-thegoral design. The phase noise and
the testing cascode buffer with power amplifiereagiven by Fig. 3-20-Fig. 3-22,
show that the phase noise and the testing casadtbr with power amplifier case of
the re-design are almost the same as the origihalsummaries and the comparisons
are given in Table 3-4—-Table 3-7. It shows the psegl circuit has better PAE and
drain efficiency under lower supply voltage. An@ tRon case of re-design has better

design results.
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Fig. 3-16 Change components’ dimensions for re-degsi
Table 3-3 Dimensions summaries of the re-design \son
Dimension @m) Value Value
M paz 5*30/0.13 L—L, off-chip Roas—Roasz | 10 Kohm
M pa2 5+30/0.13 Loa—Lgez | 827.1pH C—C, off-chip
Mcurrentl 3*20*1/0.35 Ldl—l-dz 395.9 pH Cbl—Cbz 1.38 pF
Mcurrentz 3*20%7/0.35 Lshapingl_l—shapingz 868.2 pH Cshapingl_CshapingZ 70.1fF
M vcor 3*8/0.13 *L anki—Leanke 278 pH Crni=Cino 109.1 fF
M vco2 3*8/0.13 *L bufferl_l-bufferz 171 pH Cpad 30 fF
My 3*40/0.13 Chiocki=Chiockz | 0.997 pF
*M puffers 6*11/0.13 C. 2.5 pF
*M buter2 6*16/0.13 Cranki—Crankz 8-18 fF

*M puters | 6*11/0.13

*M buttera 6*16/0.13
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Fig. 3-17 The modified-tayout-for re-design wholeircuits
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Table 3-4 Comparison with otherK-band power amplifiers

Post-Sim (Re-Design) [9] [13]
Technology 0.13um CMOS 0.13am CMOS 0.18um CMOS
N Class E Power Class AB Power
Topology Class E Power Amplifier N B
Amplifier Amplifier
Supply Voltage (V) 1.2 15 2.5
Power Consumption
32.7 52.5 170
(mW)
Frequency (GHz) 24.26 18 24
PAE (%) 27.82 235 6.5
Drain Efficiency (%) 32.91 23.43 14.78
Max. Py (dBm) 10.41 10.9 14
Chip Area (mm?) 1.05 0.78 14.28
Table 3-5 Comparison-with otherk-band.power amplifiers
Post-Sim (Re-Design) *[10] [11] [12]
Technology 0.13um CMOS 0.13um CMOS 0.18um CMOS 0.18um CMOS
N Class AB Power Class A Power Class A Power
Topology Class E Power Ampilifier, - B B
Amplifier Amplifier Amplifier
Supply Voltage (V) 1.2 1.2 3.6 3.6
Power Consumption
32.7 349.9 885.6 504
(mW)
Frequency (GHz) 24.26 24 18-23 24
PAE (%) 27.82 23.9 9.3 20
Drain Efficiency (%) 32.91 29.3 11.55 31.45
Max. Py (dBm) 10.41 17.1 20.1 22
Chip Area (mm?) 1.05 1.05 0.79 0.42

*[10] : redesign post-sim results of proposed poamplifier in [10]
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Table 3-6 Summaries of re-design post-sim results

Post-Sim Post-Sim Post-Sim
Measurement Spec.
(Original) (Revised) (Re-Design)
RF (GHz) 24.4 23.2 235 24.26 24
Voltage-Controlled
’;‘ Oscillator with 15.3 13.7 15.2 234 -
=
= Cascode Buffer
()
&% Power Amplifier 311 15.7 10.9 32.7 -
Total 46.4 294 26.1 56.1 -
Tuning Range (GHz) 0.795 0.602 0.632 0.492 -
(%) Phase Noise @ 10
5 -117 -108 -120 -119.9 -
2 MHz (dBc)
O
)
E Max. Py (dBm) 10.15 -2.41 2.47 10.41 >10
2 .
Overall Drain
22.31 1.95 6.77 19.59 -
Efficiency (%)
=
g
o E
b= [=1
3 5
f <| Peak PAE (%) 21125 E - 19.83 -
T 0
S 3
c 0O
(@)
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Table 3-7 Ron case comparisons
w/o Ron Case (Re-Design Postsir

Ron Case (Re-Design Postsin
Technology 0.13um CMOS 0.13um CMOS
Topology Class E Power Amplifier Class E Power Amplifier

Supply Voltage (V) 1.2 1.2
Power Consumption (mW) 32.7 21

Frequency (GHz) 24.26 24.26

PAE (%) 27.82 14.9

Drain Efficiency (%) 32.91 26.89

Max. Poy (dBm) 10.41 7.51
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Chapter 4

Conclusions and Future Work

4.1. Conclusions

In this research, 1.2-X-band front-end circuits consisted of voltage-colhtd
oscillator and class E power amplifier are desigmed measured. The power
amplifier is realized by one-stage differential Ipymill amplifier, and the
voltage-controlled oscillator is realized by dit#fetial cross coupled LC tank
voltage-controlled oscillator. This is the first skoincluding a voltage-controlled
oscillator and a power amplifier fé-band applications. A neutralization technique to
improve isolation also has been,developed-insté#ueacascode architecture.

Because of the layout -mistake and incorrect postulsition procedure, the
measured performance is ‘seriously-“degraded. Meaasuateresults show that the
measured output center frequency and maximum oupowter are 23.2 GHz
and —2.41 dBm, respectively. The measured phase o108 dBc at 10 MHz. The
measured output power of cascode buffer with pameplifier is lower than original
post layout simulation about 13 dB. And the measyewer consumption is 29.4
mW from 1.2 V power supply.

As after carefully considering these effects, thetpayout simulation results of the
re-design circuits show that the output centerdesgy and maximum output power
are 24.26 GHz and 10.41 dBm, respectively. Theghase is -119.9 dBc at 10 MHz.
The output power of cascode buffer with power afigplis almost the same to the
original post layout simulatiolAnd the total power consumption is 56.13 mW from

1.2 V power supply.

Even though the measured performance is seriowsjyaded, the advantages of
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class E power amplifier approach can be noticeddsg-sim results of the original or
re-design circuits. Comparing to other works, ghisver amplifier has higher drain
efficiency and PAE under lower supply voltage. Hiere, class E power amplifiers
are suitable for high efficiency application, espl#g for advanced CMOS

technology.
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4.2. Future Work

Because the problem of frequency drift is occuirecheasurement results, the
re-design version is moved to 24.26 GHz by carefuble chip EM simulation. This
re-design circuit will be tape-out and measurethafuture. On-chip transformers at
differential input and output will be integrated mext version. Polar loop structure
will be designed in order to improve the lineanigguired of power amplifier in the

future.
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