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Abstract

The Square Kilometre Array (SKA) is an international projecdesign and construct the
next generation ultra-sensitive radio telescope. Demgndn the final configuration, the
SKA will require millions of receivers ideally fabricated a low cost semiconductor pro-
cess. This thesis presents a study of using CMOS technslagiech are the most common
and less expensive semiconductor option, to implementiablargain amplifier (VGA)
with a linear-in-dB performance and an RMS power detect@®) (for a mid-frequency
SKA receiver.

Two linear-in-dB VGAs were designed and experimentallyifiest in this work. The
first VGA meets most of the SKA specifications except bandwadtd linear-in-dB range.
The second VGA uses a bandwidth extension technique and thteshold voltage tran-
sistor to achieve a maximum tunable gain range of 34 dB ankihisar-in-dB range of 28.5
dB within +1 dB error, an upper 3 dB cutoff frequency of 2.1 GHz and a pasesump-
tion of 1.1mW. Both S11 and S22 are less than -10 dB from 100 Mo 4.2 GHz. This
VGA achieved the lowest power consumption among compakéBies published to date.

A differential broadband self-calibrated RMS PD using th@S8FET square-law char-
acteristics was proposed and experimentally verified swlurk. After automatically com-
pensating mismatches between all circuit components hystdg input transistor bulk
voltage, the proposed PD circuit showed the highest seitgiéind lowest power consump-
tion of all PDs published prior to this work. The PD operatgsraan input power range
from -48 dBm to -11 dBm with output voltage offset less tha®50dB for the SKA mid-
frequency range with an input-referr€gg of -11 dBm, 3 dB bandwidth of 1.8 GHz and
power consumption of only 1.2 mW. This PD meets all requinetmef the mid-frequency
SKA receiver. This power detector was embedded within ticeiver and fabricated in
a TSMC 65nm CMOS process. Measurement results showed ahpoper range from

-40dBm to -20 dBm with power consumption of 1.5 mW.
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Chapter 1

Introduction

For the past decades, astronomers have put more and monts &féurther their under-
standing of key important phenomena in the Universe, innydome pertaining to the
birth and death of the Universe itself][ With the current radio telescopes, which have
provided astronomers with invaluable information, it hmesapparent that some basic sci-
entific questions still could not be answer&jl. [Radio astronomers are recognizing that
when all other known methods to increase sensitivity hawan lmployed, the only way
left to continue the historical trend of advances in radiegeope sensitivity, shown in Fig.
1.1, is by increasing the telescope collecting aiga [
Driven by sensitivity requirements, the Square Kilometreas (SKA), which is the

world’s next generation ultra-sensitive radio telescigpt provide much higher sensitivity

than current radio telescopes. The international commuafiphysicists and astronomers
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Figure 1.1: Sensitivity of radio telescopes for 60 s of integration timéherelly =
10-28W/(Hz-n?). The new radio telescope discussed in this work is the Scitoe
metre Array (SKA) telescope. Adopted from [3].



has identified a set of Key Science Programs (KSPs) to adfinedamental issues in mod-
ern astronomy, physics, and astrobiolog@y4]. The six major KSPs, which will realize

significant return from the SKA project, are as followisq]:

Probing the Dark Ages and the Epoch of Reionization.

Strong Field Tests of Gravity Using Pulsars and Black Holes

Galaxy Evolution, Cosmology, and Dark Energy.

The Origin and Evolution of Cosmic Magnetism.

The Cradle of Life.

1.1 Square Kilometre Array

According to the requirements of the KSPs, the frequencygearf the SKA must cover
from 70MHz to 30GHz1,2,6,7]. The SKA will be realized using three different receptor

types and configuration$[8]:

» A low-frequency Array (“SKA-low”): It covers frequency nge from 70-450 MHz
and is realized using a dipole array that provides wide-fielalging capabilities for
three-dimensional mapping of the cosmic web. SKA-low ismhyaused to address
observations for 21 cm hyperfine line of neutral hydrogemftbe Epoch of reioniza-
tion and earlier with high redshift. It is also suitable tasebve low radio frequency
of pulsars, magnetized plasma both in the Galaxy and inesti@ space, radio re-

combination lines, and potentially extrasolar planets.

* A mid-frequency Array (“SKA-mid”): It covers frequencymge from 0.35- 13.8 GHz
and is devided into 5 bands, which cover frequency range 6@%5-1.05GHz, 0.95-
1.76GHz, 1.65-3.05GHz, 2.80-5.18GHz and 4.6-13.8GHpeaetdvely. SKA-mid is

based on a large-N array of dish reflectors outfitted withlshpixel feed receivers,



possibly enhanced by field-of-view expansion systems, asgbhased-array feeds,
to increase survey speed. SKA-mid will observe radio pslsauid observations of
the 21-cm hyperfine line of neutral hydrogen from the locaiMgrse, to moderate
redshifts. It will performe high sensitivity observatioascontinuum emitting ob-
jects. It will also be suitable for conducting various spaicines, in addition to the
21-cm hydrogen line, many classes of radio transients, etagpd plasmas both in

the Galaxy and intergalactic space, and potentially pptanetary disks.

* A high-frequency Array (“SKA-high”): It covers frequencginge from 0.7~ 30 GHz,

is based on a dish array.

The current design plans for the SKA antennas is to have aasatensely distributed in the
central region of the telescope and then extended to thé&eutsgion sparsely in groups
along five spiral arms. The space between these groups wilider gradually from the
center B]. An artist’'s concept of the telescope footprint is showfig. 1.2 Two locations
that have been chosen are the Australian Outback with maitdw-frequency apperture
array and mid-frequency array of dishes equipped with Rhéasey Feed (PAFs) and
South Africa with a mid-frequency array of parabolic reftest(dishes) and high-frequency

dishes array], 5].

1.1.1 Sensitivity

The SKA sensitivity, which is defined #&/Tsys, WhereAg is the effective area of all an-
tennas andlsys is the system noise temperature at the terminals of eacimraantg, 2],
should be at least 0r?/K to meet the science objectives. It is two orders of magni-
tude larger compared with the sensitivity of the Expanded/Vearge Array (EVLA) of
~270n? /K [1,2]. The weakest signal that the SKA telescope will detect ipecgied

observing time is proportional ys/Ae.
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Figure 1.2: Footprint of SKA telescope configuration. Maximum spacemeen two an-
tenna is 3000 kilometres. @ 2014 skatelescope.org

1.1.2 Survey speed

SKA survey speed figure-of-merit (SSFoM) is defined as the aatvhich an area of sky
much larger than the telescope field of view (FoV) can be s@déor sources stronger than
the specified limit 1], and is proportional to the ratio @ to the time required to detect
a point-source of specified streng{Msys)zQ, whereQ is the solid angle of the antenna
over which the sensitivity of the antenna is greater tharo0the maximum sensitivityl],

2]. For the SKA this must be at least310° deg?nm*K —2 at wavelengths longer than 20cm
[1,2]. As can be seen, both the sensitivity and survey speed apogional toAe/Tsys
and (Ae/Tsys)z, respectively. Decreasing the noise components in themsystspecially
in the first-stage low-noise amplifier (LNA) connected toleaatenna element, improves

sensitivity and survey speed.



1.1.3 System noise temperature

A system noise temperature less than 40K is the key objdctitbe SKA telescopel] 9],

of which 10K is estimated for the antenna and receiver inpigrconnection losses, 15K
is for the receiver chain and the remainder is allocatedKgnmise, spillover and noise-
coupling/mismatchi, 9].

Traditionally, to achieve the required noise performah®\s needed to be cooled]
However in the SKA, the receivers are spread over a very kmgg, and cooling is seen as
very expensive and complex. At ambient temperatures incguéecy range from 700 MHz
to 1.4 GHz, it is possible to design LNAs with a noise figure@s &s 0.2dB, i.e. noise
temperature of 14 K10]. Therefore, the development of ambient-temperature LiNAls
very low noise temperature is the most likely solution fa& 8KA low-frequency and mid-
requency receivers. When frequency is lower than 300 MHz sty noise will dominate
the system noise and ambient-temperature LNA designs sselallenging to be suitable

for the SKA [1].

1.2 SKA receiver

Historically, a radio telescope only had a few receiverscihvere implemented with ex-
otic GaAs or InP cryogenically cooled HEMT transistod$ [In the SKA project, since
the focal-plane arrays and aperture arrays require mdlafmeceivers, the significant cost
associated with the large number of receivers impacts tbeetor low-cost and ultra-
low-noise fabrication technologies with low DC power comgution. Based on one of the
estimates, power consumption of 0.1 W/receiver will &bM/year to the operating cost of
the SKA [11]. Complementary Metal-Oxide-Semiconductor (CMOS) textbgies are the
least expensive semiconductor option per transistor farufaeturing integrated circuits
due to their large integration capabilities. Over the past years, CMOS technologies

have become very competitive to more exotic GaAs techneognd are considered as en-
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Figure 1.3: Conceptual SKA receiver topology.

abling technologies for the SKA not only because of thegéarolume manufacturing and
high levels of integration but also because of their impdoR€& performance. Our research
group is working on a fully integrated CMOS receiver to méet®.7 GHz to 1.4 GHz fre-
guency range for SKA phased-array requirements, with gaaheling this work further to
conform with the SKA aperture array requirements. The cptuz direct-sampling SKA
receiver architecture proposed by our research group wsrshoFig. 1.3, where the dashed
rectangles label the work described in this thesis. Weakmieg signals, dominated by the
background noise and the receiver thermal noise, are tetléy telescope Vivaldi antenna
elements, amplified by the LNA and gain stages, identifiedN&d.in Fig. 1.3[10,12],
filtered by a bandpass filter, and fed into a variable gain dimp(VGA) [13, 14] before
entering the analog-to-digital converter (ADQJ. In this receiver architecture, the power
detector (PD) is used to measure the total received powerd#ie VGA in order to pre-
serve this information, required for some astronomicakoleions.

There is a large number of receivers to be used in the SKAgBgywoltage and temper-
ature (PVT) variations will cause receiver gain deviatefrohat is expected, thus affecting
the amount of power delivered to an ADC. To process the sitpaaimay vary significantly
in amplitude, a high performance ADC with a large dynamigeand high-speed, which
is very expensive and hard to design, is needed. As an ditexnan automatic gain-control
circuit (AGC) circuit is normally employedl3, 16, 17] in a receiver to tune receiver gain

due to PVT variations and provide the optimum signal levetti@ ADC. This relaxes the
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Table 1.1: Relevant SKA receiver specifications

Description

Specification

Frequency range

0.7GHz~1.4GHz
(Hydrogen with redshift of zero to
unity, SKA-mid bandl and band?2)

Noise temperature

<40K

Power consumption <350 mwW
Gain >70dB
OP1dB >-8dBm

1dB gain compression output power | (ADC limited)
IP1dB >-80dBm

1dB gain compression input power

(Input power limited)

ADC requirements. To complete the closed-loop form of a eatienal AGC, the VGA

control signal is generated at the SKA control center byyaniad) the ADC output during

the telescope calibration cycle.

The LNA, which is the first stage of the receiver, needs to soressufficient power to

provide very low system noise temperature and high gain tyaguee that the telescope

achieves the required sensitivity and survey speed. Thepoansumption of the LNA

cannot be reduced significantly without affecting the tedge performance. The reduc-

tion in the VGA and PD power consumption is an important coesition. As the semi-

conductor fabrication processes keep changing with timkeép the research work useful

in future projects, the designs discussed in this work shbealscalable to new CMOS pro-

cesses with only minimum transistor resizing while keepimg same circuit topologies.

The main SKA receiver requirements are summarized in Thidle

1.2.1 LNA and gain stages

The LNA and the gain stages have been designed by other greugbers. The LNA

lowest noise figure can reach to 0.2 dB and the gain stagesd@meof 70dB in the

700 MHz-1.4 GHz rangell0, 12].



Table 1.2: VGA performance specifications

Description Specification

Process CMOS

Power supply 1.2V Max

Frequency range (GHz) 0.7-1.4

Gain range (dB) -10 - +10

Linear-in-dB Yes

Linear-in-dB error +1dB (max

Power consumption (mW) | <5

Inputs/Outputs Differential/Differential

1.2.2 Variable-gain amplifier

The VGA discussed in this work was designed for SKA receivarsl will be used to
precisely adjust the overall receiver gain to compensatetfanges in input power levels
and PVT variations. In the SKA receivers, linear-in-dB pemfiance is desirable as it makes
AGC settling time independent of receiver input signal pof2e18, 19]. To achieve this
behavior, an active circuit with exponential behavior iguieed. To the authors knowledge
all measured -3 dB bandwidths of broadband, low-power (<5rald linear-in-dB VGASs
published to date are all less than 1 GB@{23], which are unusable for SKA receivers due
to upper frequency gain roll-off. In this work, a low-poweérdar-in-dB VGA with broad
bandwidth was researched to meet the SKA mid-frequencycgtigin requirements. The

VGA specifications are summarized in Tahle2

1.2.3 Power detector

The PD discussed in this work was designed to measure thedotaved power before
the VGA in order to preserve this information required tdlier analyze the astronomical
phenomena. The input signal of the SKA receiver is mainlyiaexdominated signal with
very low power level (-95 dBm). As the LNA and gain stages bethe PD already have
70dB of gain and increasing this gain is difficult while maining circuit stability, a high

sensitivity PD is needed. There are a number of PD publicatio date 24-28]. But, due



Table 1.3: PD performance specifications

Description Specification

Process CMOS

Power supply 1.2V Max

Operating frequency (GHz) 0.7-1.4

Detection range (dB) 25

Sensitivity (dBm) <-35

Linearity error for specified +1dB (max

input range

Power consumption (mW) <5

Inputs/Outputs Differential/Differential

to the power consumption, bandwidth or sensitivity, nonthefcircuits can meet the SKA
PD requirements. This work discusses a design of a PD foctdise in an SKA receiver.

The requirements of the PD are specified in Tdbg

1.2.4 Analog-to-digital converter

A 4-bit, 10 Giga Sample/Second ADC has already been desiggeahe of our group

members15].

1.3 Thesis layout

The rest of the thesis is divided into six Chapters.

In Chapter 2, broadband VGA topologies are reviewed andradygas and disadvan-
tages of each circuit are discussed. After that, the limeaB function realization methods
and bandwidth extension techniques are discussed. Cakv&ik chain bandwidth and
gain optimization methods are described at the end of th@t€ha

Chapter 3 follows by presenting two linear-in-dB VGAs. Theepdo-exponential ap-
proximation function and the bandwidth extension techegdiscussed in Chapt2rare
used in the VGAs to achieve linear-in-dB performance anadtmandwidth while having
low power consumption. Simulation and measurement resiilk®th VGA circuits are

reported.



In Chapter 4, different power detection methods are revikeavel compared. Their ad-
vantages and limitations are also discussed. Itis idedtifiat power detection using MOS-
FET square-law characteristics is the most superior ohalbietection methods. Three PD
circuits using MOSFET square-law characteristics areusised at the end of this Chap-
ter showing the advantages of those circuits and limitatfon using in the SKA receiver
project.

Chapter 5 follows by proposing a differential, broadbanddiuit, which uses MOS-
FET square-law characteristics and has a self-calibratextibn that compensates for com-
ponent mismatch and allows the PD to achieve the highesitisggscompared with all
published PDs. The PD circuit and circuits used for calibraére described in this Chap-
ter. The simulation and measurement results are shown anthef the Chapter.

In Chapter 6, measurement results of the PD embedded int&KArr&eiver are re-
ported.

Chapter 7 summarizes the proposed work and emphasizedtine Work.

1.4 Contributions

The work in this thesis resulted in the following publicaiso

Paper 13] discussed a low-power broadband AGC amplifier targetecduga in the
SKA receiver. The AGC was composed of an input power-matcduitj a linear-in-dB
output VGA, a PD, an error amplifier, a comparator and a loderfilThe input operating
range of the AGC is from -50 dBm to -20 dBm. The total power cwngtion of the AGC
is 1.5 mW. This AGC is not described in this thesis, becauseSRA receiver VGA will
be controlled from the SKA control center, and the SKA reeeivill not require a fully
integrated closed-loop AGC.

Paper 4] presented a CMOS inductorless broadband linear-in-dB \é@&uit for use
in the SKA receiver and is covered in Secti®2

Paper 29| reported a CMOS broadband linear-in-dB VGA circuit wittiae inductor

10



loads to extend the -3dB bandwidth of the VGA t]. This work is covered in Section
3.3

Paper BO] proposed a self-calibrated 65nm CMOS broadband selbickd high-
sensitivity power detector for use in the SKA and is covere@haptels.

The PD, which is embedded in the receiver, is discussed ipt€h@dand has not been
published yet but this work is in preparation for publicatio

The VGA, which is embedded in the SKA receiver and was coraglély the author
and other group members, was discussed in Chdpterd a paper is in preparation to

discuss this circuit.

11



Chapter 2

Broadband Linear-in-dB VGA techniques

This Chapter starts with the review of basic VGA topologies different tuning tech-
niques employed in a VGA design. Sectidr? reviews linear-in-dB function realization
methods. Bandwidth extension techniques are describeédtidd 2.3, Bandwidth and
gain optimization of a cascaded VGA chain is analyzed iniBe@.4. Section2.5is the

summary of discussions of the topics presented in this @nhapt

2.1 Variable gain amplifiers

Many VGA topologies that are based on different semicormhymbcesses (such as bipolar,
BiCMOS, and CMOS) have been introduced over the ye20s31-35. CMOS VGAs
are generally preferred due to their lower costs and easaegration with other CMOS
analog and digital system components. As this work alsoiregjthe VGA to be embedded
in CMOS SKA receivers, only CMOS VGAs are discussed in thési.

Depending on its gain-control signal, a VGA is defined either digitally controlled
VGA, which is normally called a programmable-gain amplifieGGA), or an analog con-
trolled VGA, which provides a continuous gain control. PG#ith fine programmable gain
steps have been proven to be valuable solutions in termsisé aad linearity 31, 36, 37].
PGAs often use binary weighted resistors or capacitors &m gontrol B3, 38-40]. A
high-precision PGA requires a large number of such ressiocapacitors, which are area
consuming. Moreover, fast-switching digital signals canegrate glitches when the VGA
gain is adjustedZ2]. However, analog-controlled VGAs avoid signal phase aligitu-
ity and switching noiseZ0], and they also reduce the large number of control bits used
in PGAs. Therefore, analog-controlled VGAs are mostly @ne&fd in high-resolution ap-
plications and are adopted in this work. To the author’s Hedge, all VGA gain-tuning

approaches can be classified into one of three types:

12



Vin+ D_‘ Mia M ’_G Vin-

Figure 2.1: Transconductance-tuning common-source differentiallidiemp

* Transconductance-tunable VGASs
* Load-tunable VGAs

* Feedback-coefficient-tunable VGAs

2.1.1 Tranconductance-tunable VGAs

The most straightforward way of tuning amplifier gain is byihg the transconductance
of the circuit that sets the gain of an amplifi@0[32,41,42]. For a simple amplifier, the

circuit transconductance is the input transistor’s transicictance, which can be controlled
by changing bias current. An example circuit is shown in Rid.that is a common-source

differential pair amplifier. The voltage gain of this amifis expressed by

2lss
Ves—W

A/ =0Omia1b-RL= (2.1)

where gmia 1, Vs andt are the transconductance, gate-source voltage, and ddesh
voltage of transistorl;, and My, respectively. The gain is varied by adjustiggia 1p
through controlling DC currenigzs This circuit is very simple and has gain-independent

bandwidth. The disadvantage of the circuit is in its linganvhich is a measure of the

13



Figure 2.2: Transconductance-tuning common source differential di@pwith source-
degeneration.

deviation of the gain from the ideal characteristic. Beeaasshort channel effects of
M1a 1n, NOt captured in4.1), the bias currenlss non-linearly affect®jma 1o, Which makes
the gain linearity highly dependent og.

Generally, for complicated amplifier circuits the ampliti@nsconductance is not equal
to the amplifier input transistor transconductance, andathplifier gain is controlled by
varying the amplifier equivalent transconductance. An glanof an equivalent trans-
conductance-tunable VGA circuit is shown in FB2, which is a common-source differ-

ential pair with source degeneration. The voltage gain ®MGA in Fig. 2.2is Ay1:

—0Om1a,1b
Al =Gn-R = ’ . 2.2
vl m- RL 15 0.50mia 10Rs R (2.2)

G

where G, is the equivalent transconductance of the whole cirdgitis the channel re-
sistance of MOS transistdfs, which is biased in the triode region and acts as a variable

resistor

1
"~ HrCox (W/ L)y, (Ve —Vinm, —Vam,)

Rs (2.3)
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where ,, Cox are the carrier mobility and the gate oxide capacitance piravea ofMs,
respectivelyVin v, is threshold voltagegW/L),,_is the ratio of the width to the length of
Ms, Ve is the gate voltage dfls, andVs v, is the source voltage &fl;. The amplifier gain
is adjusted by changing., which change®s and thus changeSy, while gy 1o do not
change with.. Comparing to the circuit in Fig2.1, this circuit linearity is limited byMg
rather than non-linear performancegpfia 1o Which depends ohg Linearity of Ms can be
improved by using different threshold voltage transistorparallel or the same threshold
voltage transistors with different control voltage levg®d]. Also using low threshold
voltages helps with improving the variable gain range anddrity, which is verified in
Chapter3. Fig. 2.2 has better linearity compared with Fig.1at a cost of losing voltage
gain because of the source degeneration resistor.

Both circuits have gain-independent bandwidth, which &ithportant advantage of
transconductance linearly tunable VGAs for broadband argklvariable gain-range ap-
plications. In order to have a linear-in-dB function betwéee gain and the control signals,
exponential-function conversion blocks are needed. Theseert the input control signal

to exponentially-scaled control signaigor \.

2.1.2 Load-tunable VGAs

Another type of VGA is a load-tunable VGA. The most generalddunable VGA is a
current-steering VGA35,43,44]. An example of such a circuit is shown in Fig.3. In

Fig. 2.3 differential cascode transistokypa, Moy, M3a, andMgy, steer currents from and
to the loadsR 5 andR p, which adjusts the amplifier gail3%]. The voltage gain of this

circuit is

Wa0m1a,10RLa Lb
Wo (Vep—Vs—W2)

A= - (Vdd —Ven) (2.4)

whenMayg, Moy andMa,, Mg, are biased such that
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VCI"I

Figure 2.3: Current-steering load-tunable VG&,, control is obtained by varyingg.

Ws Vad—Vs—Vis
Wo ch—Vs—Vt72

whereWs, W3 andV+ 2, V¢ 3 are channel widths and threshold voltagesvibf, My, and

1, (2.5)

Maa, M3y, respectivelyVyq andVs are the power supply voltage and the source voltages of
Maa 2h, Mza3p. Equation 2.4) indicates a linear relationship between the voltage gain
and the control voltag€.,.

The circuit shown in Fig.2.4 can be thought of as a variant of Fi@.3, where the
additional transistorsls; andMg, for steering current away from loads have been omitted.
The VGA gain is controlled by changing the gate voltag®lef andMayy,. In this topology,
if Ven is set to makeévl,, and My, operate as in the deep triode region, i.e. as a resistor,
then this amplifier works as a conventional common-sourgalifier. But asVg,, is tuned
to the point at whichM,; andMy, move into the saturation region, this amplifier becomes
a cacode amplifier, which has increased output impedancaemze increased gain. This

circuit has been reported in the literature and it is ativador its simplicity [45)].
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Figure 2.4: Cascode load-tunable VGA.

Based on the discussion, both topologies in Fi§3 and Fig. 2.4 have a stack of
three transistors and a load resistor. This relativelydatgck-up of transistors can suffer
headroom problems when used in a low-voltage environmeaanwhile, these two VGAs
have a gain-dependent bandwidth due to the gain-depermihtésistance, and thus are

not suitable for broadband applications.

2.1.3 Feedback-tunable VGAs

The third type of VGA is an amplifier with a built-in tunable gaive feedback46]. A
typical VGA circuit with variable feedback is a differentiaair circuit as shown in Fig.

2.5. The gain of the circuit is

Ay~ Omia1b - R+ % (2.6)

wheregma 1o are transconducatncesif, andMyy,. By varying the value of the feedback
resistorRe, the amplifier gain is linearly adjusted. The feedback tesim this circuit

provides bias voltage tvl15, andMy,, and sets the output DC voltage.
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Figure 2.5: Negative-feedback differential VGA.

A variable resistoRr can be implemented with a MOS transistor, and can be varied by
altering the gate voltage of the MOS transistor working mtttiode region. Ther(6) can

be rearranged as

\W

A ~ Omia 1bRL + UnCox (Vesre —ViR: ) (f) x R (2.7)
Re

whereVesr: is the gate-to-source voltage a(d//L)g_ is the ratio of the width to the
length of the transistor used to implemé&@t. The gainA, has a linear relationship with
VesRre, Which acts as the control voltage for the amplifier.

For this amplifier topology, the input impedance is low conggiato that of VGAs
discussed in Sectiord.1.1and2.1.2 and this may reduce the gain of the VGA driver

stages47]. Also this circuit may have potential stability problemsdaa limited variable

range A7].

2.1.4 Summary

Based on discussion of the three types of VGAs, load-tund@las have gain-dependent
bandwidth, negative-feedback VGAs load preceding stagdgtaus limit their gain, and,

therefore, transconductance-tunable VGAs are usualbréahfor broadband VGA designs
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even though they suffer from low linearity and limited gaamge. All circuits demonstrate
a linear relationship between their gains and control gal$a In order to have a linear-in-
dB relationship between the gains and control voltageschviieans gains represented in
the dB scale have a linear relationship with control signefsesented on a linear scale,

exponential function circuits are needed and discussed nex

2.2 Exponential function approaches

2.2.1 Exponential function using transistor intrinsic performance

There are many ways to realize an exponential function in @GM€chnology. One way
is to use a MOSFET biased in the subthreshold region where M@Sistors exhibit an

exponential relationship between their drgjcurrents and gate-source voltadykes [49]:

VGS)
)

Ip= |oe<ﬁ (28)

where > 1 is a non-ideality factoit = kT/q, kis Boltzmann'’s constant, is the abso-
lute temperaturdg is saturation current, argiis the magnitude of the electron charge. The
subthreshold biasing, however, has drawbacks associatkdigh noise and low band-
width [49].

Another possible method is to use parasitic bipolar tramsisn standard CMOS pro-
cesses to generate the desired exponential function. dricésie, the exponential function
is generated using the relationship between the collectoest|. and the base-emitter
voltageVge as

lc = BDC|R9<\</LTE), (2.9)

where Bpc is current gainJr is the saturation current. This relationship is strongly de
pendent on the temperature and fabrication processes.efoher various compensation

techniques that guard against the temperature and proagations are required to have
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an accurate signal power control mechanism. In additionperature compensation is
needed to control the output level over a wide dynamic ra@8g [The advantage of the
bipolar transistors is the large variable gain range of nioa@ 30dB, which is superior to
what is possible with other method3q.

However, while bipolar circuits naturally provide expotiahbehavior, in recent publi-
cations there has been a move to using elaborate MOSFETisiticat provide the required

exponential or pseudo-exponential functions.

2.2.2 Pseudo-exponential function based on Taylor exparmsi

A popular pseudo-exponential function approximationlechpseudo-exponential function

approximation-l, is based on Taylor series expansion of

e X "y (2.10)

In (2.10, x is a variable and has a nearly exponential relationship withr x < 1. The
useful range fok is limited by the maximum deviation betwegrande~?¥. This approx-
imation can providey with a linear-in-dB range of 17 dB with a maximum deviation of
+0.6 dB whenx is set between -0.45 to 0.45 as shown in F6[32]. The advantages
of this approximation are in its simple function form and eea$ realization with a real
circuit, while the tunable range is a limitation for highrdymic-range applications. The
dynamic-range limitation can be solved by using multiplsozaled stages.

To improve the gain-control range of an individual stageythar pseudo-exponential
approximation, called pseudo-exponential function apionation-Il, also based on Taylor

expansion was proposed BH(J

(2.11)
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Figure 2.6: Linear-in-dB range of Pseudo-exponential function appnation-I.

and has also been used #0]. wherea andk are constants andis the independent control
variable. Fork = 1, the numerator and the denominator 2fll) are the second-order
Taylor series approximations of the exponential functiémr k less than 1, the linear-
in-dB range of 2.11) can be extended dramatically as shown in Fig.7)(by the line
with cross markersk(= 0.25) and the line with square markgiis= 0.15). As shown in
Fig. 2.7, for k = 0.15, the linear-in-dB range can be extended to more than 60 dBavith
maximum deviation of 0.5 dB, which has a dramatic improvencempared with pseudo-
exponential function-1{1+ax) / (1—ax), and second-order Taylor series approximation
3 [1-|— (1+ ax)z} . Moreover, the input range afis also wider than with the second-order
Taylor series approximations. The limitation is that thare two parameters andKk,

defined by circuit parameters, which are hard to balancealciecuit designs.
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Figure 2.7: Pseudo-exponential function approximation-Il as funcid different param-
eters.

2.2.3 Exponential-function realization based on a lineardnction

Another exponential approximation was proposed for a lea@B VGA in [21]. The

exponential function is described as:

n—-00

& = lim (1+’—r§)n (2.12)

wherex in an independent variable amdis an integer. A1 increases and decreases,
the approximation error decreases rapidly and becomegjit#gl The expression for this
approximation consists of linear equations and can beyeagilemented as a circuit.

The exponential approximation can be reduced to
X\ N
&~ (1+ﬁ> (2.13)

for x ~ 0. Applying 2.13 in a VGA design,e* and the independent variabtecan be
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Figure 2.8: Relative error of the proposed exponential function2ri8.

defined as gain and the gain-controlling input variablepeetively. Fig. 2.8 shows the
error of the exponential approximation functio2. 13 with exponential functiore* for

variousx andn. To rewrite .13 another way, consider a regular linear equation

y=a(x+b), (2.14)

wherea s the slope of the linear equation alné the offset in the negativedirection. By

raising .14 to the power oh, we have

a"(x+b)"=a"(x+b+n—n)"
—amn" <1_|_ M) "

~a'n"et® " for xan-b. (2.15)

As we can see from2(15, the exponential approximation i2.l3 can be obtained by
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Figure 2.9: (a) A common-source amplifier circuit. (b) A common sourcecoale ampli-
fier circuit.
assigning an index n. As seen fro@.13 and Fig. 2.8 to decrease the approximation
error,nshould be large. However, in a practical implementatioa ntlaximum value ofi is
limited, so further linear-in-dB compensation techniqaes needed to get high resolution

linear-in-dB performance[l].

2.3 Broadband VGA techniques

The required VGA topology using in the SKA receiver opergtirom 0.7 GHz to 1.4 GHz
must have wide bandwidth, which is independent of the VGAghu this Section, broad-

band VGA circuit and bandwidth extension techniques arerdssd.

2.3.1 Cascode topology

The theory of improving bandwidth of the amplifier using aade topology is to suppress
the Miller effect of the input transistor, which increasles input capacitance and decreases

amplifier bandwidth$1]. Fig. 2.9a) shows a conventional common-source amplifier cir-
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cuit. The input capacitance of this amplifier can be reprieskas

Cin = Cgsm; + ng7M1(1+ gmRL) (2.16)

-~

Miller-effect capacitance

whereCysv, andCqyq v, are the gate-source and gate-drain capacitanckl ,adndgny; is
the transconductance bf;. The Miller-effect capacitance dramatically increasesitiput
capacitance, especially when the magnitude of the ampgjiér (gnuR.) is high. This
large input capacitance limits the bandwidth when impedasfahe signal-source is not
zero.

To suppress the Miller effect, a cascode transistpis added as shown in Fi@.9(b).
In this case, the impedance looking into the draiiefis lowered to~ 1/gnp. In this case,
the gain from the gate to drain M1 is —gm/9ne ~ —1, and the input capacitance of the

amplifier in Fig.2.9(b) reduces to

Cin = Cgsm1 + 2Cqd.m1 (2.17)

thus increasing the circuit bandwidth. The additioiMafhowever does not affect the gain
of the amplifier.

A drawback of addingVl, is that the cascode transistor reduces the headroom of the
circuit. A low headroom could be an issue for low-voltage@yircuits due to reduced
voltage swing at their outputs. Also the cascode transggtoerates a high frequency pole
at the drain oM, which may offset some of the bandwidth gained by the reduatf the

input capacitance.

2.3.2 Capacitive degeneration

Another method for widening frequency response is to addcgodegeneration capaci-

tance such that the transconducatnce of the cir@y, increases at high frequencies to
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Figure 2.10: (a) Capacitive degenerated differential amplifier circ(b) Half of capacitive
degenerated differential amplifier circuit.

compensate the gain roll-off due to poles at the output nAdeexample circuit employing
capacitive source degeneration is shown in Rig.0
According to the analysis of the half-circuit, the transdocatnce of the circuitGy,

can be expressed as

Om(RCss+1)
= 2.18
™ RCes+ 1+ 0.50mRs (2.18)
and the whole transfer function of the amplifier is then
ImRL (RCss+1)
A =G = . 2.19
v = GmZout (RCsS+ 1+ 0.5gmRs) (14+R.CL9) (2.19)
From .19, this circuit has two poles and one zero, which are located a
1
=— 2.2
4= gre (2.20)
1
=— 2.21
PL=rc (2.21)
1+ 0.5gmRs
P2 = T RC. (2.22)

p1 is generated at the output node of the amplifier and is the mimipole. If the zero
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Figure 2.11: (a) Shunt-peaked amplifier. (b) Model of the shunt-peakeplifier output
network.

7, is placed such that it cancels the p@g the -3dB bandwidth can be extendedpg
which is located at a higher frequency.zifand p; cannot completely cancel each other,
they generate a peak in the gain response. Using this taahrige bandwidth extension
is obtained at the cost of DC gain of the amplifier. The adgatf this circuit is that the

gain can be controlled by varyirigs and the input transistor transconductance

2.3.3 Shunt peaking

To compensate the output capacitance of the amplifier, wibichs the dominant pole that
limits its bandwidth, an inductor can be added at the outpderto reduce the effect of the
output capacitance and thus to increase the amplifier glinffédrequency b2, 53].

In order to explain the operating theory of a shunt-peaked land to optimize the
shunt-peaked amplifier for maximum bandwidth, a commorremamplifier with an in-
ductive load shown in Fig2.11is analyzed. The output impedance of the outRuC
network, which models the equivalent output impedance efaimplifier, may be written

as
R [S(LS/RL) + 1]

Zout (S) = (SLs+RL) || SCost  PCoule+ SR Cout+ 1

(2.23)

The magnitude of the gain of the amplifier is the product aignductance,, of M1 and
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the magnitude oZs) found from

(wLs/R)?+1
(1— w?Coytls)® + (WR Cour)?

[ Zowt (jw) | = RL\/ (2.24)

The term in the numerator ir2(24) increases with frequency, which causes the amplifier
gain to increase. Furthermore, the te(nn— a)ZCouth) in the denominator also contributes
to increasingZ (jw) | for frequencies below thiesCot resonance frequency. Both of these
terms extend the amplifier bandwidth.

To demonstrate a procedure of selectingor givenR_ andCq,, a factoré is intro-

duced as
RLCout
— ) 2.25
¢ /R, (2.25)
Rearranging4.24 and normalizing it byR, gives
[Zout (jw) | (wr)®+1
= , 2.26
R \/(1— wWP128)% + (wté)? (2.26)

wheret = Lg/R_. The normalized bandwidth, which is the ratio of the compéed -3 dB

bandwidth,w, to the uncompensated -3 dB bandwidikis

$J<—522+E+1)+\/<—522+5+1)+62. (2.27)

The relationship between normalized bandwidth §nd shown in Fig.2.12a) and the

frequency responses are shown in Ad.2b). The maximum bandwidth extension of 1.85
at = 1.45 is achieved albeit with a 20% peak in the frequency respohise maximally
flat frequency response happens wider 2.41, which leads to a bandwidth extension of

1.72. These simulation results are summarized in T2ldle
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Figure 2.12: (a) Normalized bandwidth versus factr (b) Frequency response of shunt-
peaked amplifier for differen§.
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Table 2.1: Relationship betwee& and bandwidth extension and the peak in the frequency
response

Condition é Normalized Normalized peak in
bandwidth frequency response

Maximum bandwidth | ~1.41 ~1.85 1.19

|Zout] = RL 2 ~1.8 1.03

@w = 1/R Cout

Maximum flat ~2.41 ~1.72 1

frequency response

Best Group delay ~3.1 ~1.6 1

No inductive peaking | o 1 1

2.4 Bandwidth of a cascaded VGA chain

Owing to the limitations of the control range, when a larg@ayic range is required,
multiple-stages are often used. When multiple stages amadad to form a high-frequency
wide-input-dynamic-range VGA, the bandwidth requirensesnt each stage increase. For

a cascade afi identical gain stages, the -3dB bandwidth of the whole VGAiclis
Wagp = wp V21N —1 (2.28)

wherewy is the single stage VGA bandwidth,is the number of cascaded stages amd
equals to 2 for first-order stages and 4 for second-ordeestgg, 54).
The ratio of the gain-bandwidth product of the whole VGA chasBW,:, and an

individual stageGBW,, is given by

GBWot  (1-1/n) _ m 1/n_
o~ A « V2ln_1 (2.29)

where A is the total cascaded VGA chain gain. This result providedance on how
to optimize the individual stagéBW; and number of stagesfor a desiredsBW; of the
chain with identical individual stages. Fi@.13plots the individual stag&BW require-

ment for a cascade af first-order (n = 2) and second-ordem(= 4) gain stages with an
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Figure 2.13: Relationship between andm for a 40 dB chain voltage gain and 1.8 GHz
bandwidth.

expected total gain of 40 dB and bandwidth of 1.8 GHz. From Rig.3 the first-order
stage needs higher gain-bandwidth product while the seooe stage relaxes the gain-
bandwidth product of each stage. For an overall gain-badhtivaroduct and larger number
of gain stages, there is less gain-bandwidth requirement for each gagestaut the lower
gain-per-stage leads to rapid accumulation of noise. Toexethe trade-off betweamand
the overall noise requirement must be considered when aigptse number of cascade

stages. In general, for reasonable noise figushould be less than 5.

2.5 Conclusions

This chapter started with the discussion of broadband VGaltmies, which included
transconductance-tunable VGAs, load-tunable VGAs, ardlfack-tunable VGAs. The
Chapter then proceeded with the discussions of expondatiation realization approaches
and bandwidth extension techniques, which can be usede¢o@atVGA bandwidth. In the
last Section of the Chapter, a bandwidth optimization mgthias discussed for a cascade

of VGAs.
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Based on discussion, the most suitable VGA topologies foadivand applications are
the transconductance-tunable VGAs that have the potait@bviding gain-independent
bandwidth. For realization of the exponential functiorg thtrinsic exponential charac-
teristics of bipolar transistors and MOSFET transistorsubthreshold have temperature-
dependent performance and high noise performance, resggcivhich limit their appli-
cation. The pseudo-exponential function approximatidmased on the Taylor series ex-
pansion method discussed in Sectib@.2can provide very large gain range, but has two
variables in its characteristic equation and needs couteltcircuits to realize the func-
tion, which may not be optimum for low power consumption vatkariable gain range of
less than 60dB. The exponential function based on the liioeation discussed in Section
2.2.3needs additional linear compensation techniques to ohtgmresolution linear-in-
dB performance. This compensation adds to power consumpkite pseudo-exponential
function approximation-I in Sectio.2.2is relatively simple and easy to realize using a
simple circuit with very low power consumption, which is angortant consideration for
the SKA receiver design, and was adopted in this thesis.

After the exponential function discussion, the Chaptertiomed with discussion of
VGA bandwidth extension techniques, which included casc@apacitive degeneration
and shunt peaking. The shunt peaking technique was seldwtet its flexible bandwidth
control performance.

At the end of the Chapter, bandwidth requirements of a sistglge for a casade of
identical VGASs are discussed. This will be revisited in tthissis when cascading VGAs

to increase their tunable range.
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Chapter 3

Broadband VGAs for an SKA receiver

Based on the discussion of broadband linear-in-dB VGA zatibn techniques in Chapter
2, this Chapter presents two VGA circuits for application m$KA receiver. The pro-
posed VGA circuit unit cell is presented in Sect®d. Using this block, the first designed
VGA circuit is described in SectioB.2 The design procedure and parameter optimization
are discussed and experimental results are provided. Tefuextend VGA bandwidth,
the second VGA, which is based on the first one, with a bandwagtension technique is
presented in SectioB.3, and experimental results are reported to verify the desigec-

tations.

3.1 Proposed VGA circuit unit cell

A circuit that realizes the pseudo-exponential transfaratteristic between the input volt-
age and the output current is shown in F&j1(a) and its small-signal model is shown in

Fig. 3.1(b). If the transconductance bf;, gma, IS Set to be twice the transconductance of

| o

Vin+o— —© Vip-
Vi nT| Ma Vin_-l |—_> Mp OmaVgsa QD OmbVgsb
R R
! ]
(a) (b)

Figure 3.1: Pseudo-exponential function generator and its small sigioalel @qs's are
ignored).
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D S

Figure 3.2: MOS realization of resistor.

My, Omb, according to the small-signal model analysis, the tramdaotance of the whole

circuit, Gy can be written as

B | B } 1-gmaR
Gms= Vi — nga(il-l-gmaR) . (3.1)

This equation has the same form as

2 1—x:
1+x

Y; (3.2)
which was discussed in Secti@®2.2 The termgmnaR in (3.1) is equivalent tak in (3.2),

and controls the range @,s Note that an accurate linear-in-dB approximatieri (B
error) in 3.2) only happens whefx| < 0.45 as shown in Fig2.6. Applying this to 8.1
means that only smat),aR values giveGns a desirable linear-in-dB approximation from
pseudo-exponential characteristics. Another importanameter of this VGA is voltage
gain, which is proportional t&ns Large Gms requires largegma as in @.1). To have
largegma While keepinggmaR within the desired range for a desirable pseudo-exporentia
transfer function, smalR must be used.

In standard CMOS procességjs easily realized using a MOS transistor as shown in

Fig. 3.2working in triode with its channel resistance modeled by
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1
R= (Uncoxva (Vgs—Vt>) (3.3)

whereVys and\; are the gate-to-source voltage and the threshold voltageedfansistor,
respectively, andv andL are the transistor channel width and length. When the gate-
source voltageyys, on the triode transistor varies By, the resultant change in its channel

resistance can be expressed as

1 wh 1
AR = < 5 ) AV - (—) , (3.4)

0]

where K1=nCox, Vod = Vgs1 — W, andVgg is minimum gate-source voltage to turn the

triode transistor on. This change in resistance affect¥ A transconductance range as

2021 1

AGhs= . .
™ 24 gmaR [(1+9maR) /(2AR) + gmd

(3.5)

Equations 8.3) and B.4) show that botlR andAR are inversely proportional ttW /L) and
therefore largéW /L) results in smalR andAR. However, according to3(5), the small

AR also results in a low gain range of the VGA. Therefore, whenMlBA is designed for

the maximum gain with larggma, @ small variable gain range results. This suggests that
the gain and variable gain range are traded off. This trdfieras exploited in this thesis

to significantly decrease the power consumption of our destative to the VGA in 82].

3.2 Proposed VGA circuit |

3.2.1 VGA schematic design

The proposed differential linear-in-dB VGA circuit usingetbuilding block of Fig.3.1is
shown in Fig.3.3. The differential input is applied thbl; 4 andM; 3, which correspond to
two pairs ofMa andMy, in Fig. 3.1 Mg andMg are loads foM1 4 and My 3 respectively.

This differential circuit provides the possibility to biffse transistordl;_4 using current
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Figure 3.3: Differential linear-in-dB VGA circuit.

sourced, which are realized with common-source MOS transistorkimgrin the satura-
tion region. Instead of resistive loads B¢, diode-connectei¥g o serve as active loads in
this design to increase the voltage headroom at low poweagupltage. Twavigr working
in the triode region are variable resist®# Fig. 3.1 The VGA control voltag®/; adjusts
the resistanc® and the VGA gain. In order to further increase the VGA gaircosel
stage amplifiers, which are formed Mg 14, are added. Also a common-mode feedback
circuit, which includes two resistoiR- and an amplifieA;, are used to compensate the
PVT variation of the VGA.

In order to simplify the analysis, the small-signal modehaff of the circuit is shown
in Fig. 3.4. With M;_4 sized the same to keep the same input capacitance for atkirthe
biasing is set to providgmi 3 = 20mp 4. In such a case, the small-signal analysis shows that
the differential VGA transconductance, defined@s is doubleGysin (3.1). The VGA

single-ended output resistance, seen at the draifgefis

lo13-Mo2,4 1 )
_ : ) 3.6
Rout ro1,3- (14+0m13R) +ro2 4 | <gm&9 (36)
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Figure 3.4: Small signal model of differential linear-in-dB VGA(halircuit).

whererq;_4 are the output resistances M4 andgm 9 are transconductances lff; o.
The total single-ended output resistance of the VGA is redusy thegmn 3R product and

a parallel combination with lgmgo. This lowered resistance results in wide bandwidth.
A substitution ofR from (3.3) into (3.1) gives a relationship between VG&;,, and Mr

gate-source voltag¥s, as

(3.7)

1—a(Vgs— W
GmZZGms:gml,S‘( (Vgs t)>

1+ G(Vgs—vt)
wherea = UnCOXg%BL , Vgs = Vc — Vs is the gate-to-source voltage bfr and\ is the
gate voltage oMg and is also the VGA gain control voltage. Therefore, as dised in
Section3.1, by adjustingV; the pseudo-exponential behavior of the output current with
input voltage is obtained. WitM;o_13 providing extra gain, the gain of the whole VGA

can be written as:

Ay = gm13 (1_ a(vgs—vt)) . ( Om12,13 ) (3.8)
Omeg \1+a(Vgs—M) Ods12,13+Jds10,11 '

wheregm 2 13 are the transconductanceMf 13 andgqy«o-13 are the output conductances

of M1o-13.
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Figure 3.5: Input power-match circuit.

In order to measure the VGA circuit, an input match circuithhlbw noise figure is
also designed in this work as shown in F&5. A common-source cascode amplifier with
active feedback througHl,, 2, andR¢’s is used to accomplish input power match to 0
differential resistance from 0.7 GHz to 1.4 GHz while prongladditional gainMga 45 are
used as current sources reducing the voltage drop aRiggs The input match is achieved

when 46
1

1+ Omiab - RIoad) - Rf

_ , 3.9
gm2a,b RS . ( ( )

whereRs andRs are the signal-source resistance and the feedback resstaspectively,
andgmap andgnpap are the transconductancesf, 1, andMy, 2, respectively.
According to the small signal analysis, the noise factorhaf input match circuit is

given by @6]:
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Fo1s A Ry T2 P Ry
OmabRs  Rs(1+A)° 1+A/ |7 Rs(1+A)
2
yi Rt }
+——F Wi iasRs | =——— 3.10
gm1a7bRsAv YbiasOm,bias—s {Rs(l-l-Av) ( )

wherey is the thermal excess noise factor, akdis the open-loop gain of the amplifier.
Once the input is power matched, the dominant tern8id( is the second term, which
is the contribution ofMy4 1. Largergmap produces lower noise figures but narrower
bandwidth due to larger capacitance. Note that this donbitgam is independent dRs,
which can be used to tune the input power match. Howevergasfeam @.10 sufficiently
largeRs may increase the noise figure. The lowest noise for the losugstnt consumption
is therefore achieved foRs = 0. The noise contribution of the bias currdatcan be
reduced by using a longer-than-minimum channel lengthcgewdnd sizing the transistor
for a relatively high overdrive voltage. Since the feedbdekice draws low current, its
noise contribution is small.

The output buffer in Fig3.6is used to match VGA output to a 1@0differential load
to allow VGA measurements. This buffer and the input matotudi are not required when

the VGA is integrated in an SKA receiver.

3.2.2 Two-stage cascaded VGA chain

As discussed in SectioB.2.2 the selected pseudo-exponential function approximation
function provides the linear-in-dB range of 17dB with a nmaxm error of+0.6 dB. In
order to have more than 20 dB variable gain range, which ispeeification for an SKA
receiver, two of the proposed VGA circuits in Fig.3were cascaded as shown in F&)7.
Differential 100Q input and output match circuits are included on chip.

In order to extend the -3 dB bandwidth beyond 1.4 GHz, acogrdo .28, for a

second-order VGA, the minimum bandwidth needs to be latger 1.75 GHz for a cascade
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Figure 3.6: VGA output buffer.

Vc VC
Vin+ \T
Input
v match > VGA1> VGA2
o—N- | circuit

Figure 3.7: 2-stage VGA topology with input and output match circuits.

of two VGAs. If input match and output buffer circuits, whielne not needed when the
VGA is embedded in an SKA receiver, are considered, therlbbarecascade stages. Using

(2.28, a 2.2 GHz -3 dB bandwidth requirement for each stage isrmdxa

3.2.3 Simulation and measurements results

This design was fabricated in ST 65nm triple-well CMOS testbgy, and the chip micro-
graph is shown in Fig3.8. The fabricated circuit occupies 8um x 1483um of area.
The simulated and measured input reflection coefficient)8fithe VGA preceded by the
input match circuit are shown in Fig.9. Measurement results show that S11 is less than

-12.5dB across the mid-frequency range of the SKA receiferthe input match circuit
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Figure 3.8: Micrograph of fabricated VGA.
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Figure 3.9: Input reflection coefficient S11 Figure 3.10: Gains of input match circuit
of the VGA over the SKA mid-frequency and the output buffer of two stages VGA
bandwidth. circuit.

and the output buffer are embedded with the VGA circuit,rtigain cannot be measured
separately. Only simulation results are provided as showiig. 3.10and cannot be veri-
fied by measurement results directly. The input match dipmaivides a DC gain of 9.5dB
and -3dB bandwidth of 6.5GHz while the output buffer alons gain of -14.9dB and -
3dB bandwidth of 8.6 GHz. Since the output buffer is only atile measurements, its low
gain is not a concern and is the result of using small cur@nbiv power consumption.

The simulated frequency responses of the VGA with and witloauput buffer are
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Figure 3.11: Comparison of simulated Figure 3.12: Comparison of simulated and
VGA bandwidth with and without output measured de-embedded VGA gain.
buffer.

shown in Fig. 3.11, resulting in -3dB bandwidths of 1.26 GHz and 2.1 GHz. Thepatt
buffer decreases the VGA -3dB bandwidth to 1.26 GHz, whigh Ise with the measure-
ment result of 1.15GHz for the implemented VGA as illustdaite Fig. 3.12 The main
reason for lower bandwidth than expected is the capacitiadihg of the output buffer.
The maximum de-embedded gain of the two-stage cascaded ¥GAT dB, which is 5dB
lower than in the simulations. This gain decrease is likelysed by the process variations.
According to corner simulations, the measured gain is doS (slow slow) models in-
tead of TT (typical typical) models that are shown in F&gl2 However, since the buffer
is not needed in an SKA receiver, the VGA bandwidth is expktaebe sufficiently wider
than 1.15 GHz, when integrated in the receiver.

Fig. 3.13 presents a comparison of simulated and measured gain rahgjes VGA
at frequencies of 0.7 GHz and 1.4 GHz with the buffer gain nids@dded. The measured
maximum tunable gain range is from -13dB to 10dB at 0.7 GHz -d48dIB to 6dB at
1.4 GHz when external control voltage varies between 0.54/1av The linear-in-dB vari-
able gain range has larger deviation from the expectedrlimedB performance when
control voltage becomes small, which corresponds to the \@Gzepting low input power

and operating in a high gain mode. Low input power increasasce voltage oM, 4 in
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Figure 3.13: Comparison of simulated and Figure 3.14: Measured VGA input P1dB at
measured VGA gain range versus externad.7 GHz.
control voltage.

Fig. 3.3while low control voltage further decreases the gate-souoitage of transistor
Mgr and movedr from the triode region to the subthreshold region. The limekationship
betweenMgr channel resistance and control voltage is no longer comddth causes the
gain of the VGA to depart from the expected linear-in-dB perfance. Fig.3.14shows
the inputP4g versus the control voltage. The minimum inByg is -32dBm for the VGA
with the input match circuit. When the gain of the input matobuit is de-embeded, input
Pigg of the VGA is approximately -22.5dBm. The input dynamic rargj this VGA is
from -40dBm to -15dBm for a constant output power level ofdBm. The power con-
sumption of the core VGA is 1mW, which is much lower than32,[54]. The input and

output match circuits consume 7mW.

3.3 Proposed VGA circuit Il

As discussed in Sectidh 2.3 the measured VGA bandwidth was less than 1.4 GHz, which
cannot meet the requirement of the SKA mid-frequency-raageiver. Also, the linear-in-
dB range had large deviation from the expected linear-irpdBormance, which was due
to the non-linearity of the variable resistanceM. In order to improve the bandwidth

and linearity while increasing the maximum VGA gain as weaill,improved VGA circuit
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Figure 3.15: VGA with active-inductor loads. Dashed lines around crosspled-pair
circuits indicate the active-inductor networks.

is discussed in this section.

3.3.1 Active inductor-load VGA

An improved VGA based on Fid.3is shown in Fig.3.15 M1_4, Mg g and current sourde
all appear in Fig3.3. A low-threshold-voltage transistor, instead of the seaddhreshold
voltage transistoMg, is used in this circuit to improve the linear-in-dB gaingarand its
linearity. The circuits identified by the dashed lines forrductors, which are added at the
output nodes to resonate out the VGA output node capacitamgdd¢o improve the VGA
bandwidth. Transistor§ls g, Mg 9 andM32 13, the capacitor€y and the current sourcés
are VGA loads.

The small-signal equivalent impedance of the active ingugitcuit, Z,ct, shown in Fig.
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Figure 3.16: (a) Active load inductor circuit. (b) Series equivalentweitk. (c) Parallel
equivalent network.

3.16a), can be written ap]

1 sGy

Zact = ——+ , (3.11)
Oms,6  9m5,69m12,13
E’-/ ﬁ#
ct—s act—s

wheregnms e andgmi2 13 are the transconductances of transisideg andMs2 13, respec-
tively. This impedance appears as a residRag;_s, in series with an inductot,act_s, as
shown in Fig. 3.16Db). It can also be presented by an equivalent parallel mitwith

resistorRact—p in parallel with an inductok ¢t p as shown in Fig3.16c), where

1 Co Omi213 1 )
Lact_p = + —.— |, 3.12
act=p Ons.6 (9m12,13 Co ? ( )

1 [ «fcC? )
Ractp= —— +1], (3.13)
o Oms.,6 <9r2n1213
and
1

= (3.14)

\ Lact— pCI oad ,
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Figure 3.17: (a) VGA load equivalent circuit. (b) Simplified VGA load f6& < Ract—p.
(c) EquivalentZjgaq of network in (b).

whereay is the resonant frequency of the VGA output node with a tadpbcitance of

Cioad = Cysms(9) T Cdbms(9) + Cabmz(4) +Cabmi(s) + Cgdm12(13) +Cabme(s) + Cout-
(3.15)
In (3.19, Cys, Cqp andCyq are the gate-source, drain-substrate and gate-drainitapees
of transistors, respectively, ari@; is capacitance at the VGA load (not shown in Fig.
3.195. Cuaq in Fig. 3.15is larger than the total capacitance in Fig§.3 because of the
additional active load for bandwidth extension. ButGagg iS resonated out by the ac-
tive inductor, it is not a factor affecting the VGA bandwidthVith the active inductors
connected to the VGA loads, the total impedance at each of@#% loads,Z,4, Can be
represented as in Fi@.17a), whereR_ = 1/gmg 9. SinCeRact—p > RL, thenZjyaq Circuit
can be equivalent tB, || Lact—p || Cload @s shown in Fig3.17b). This circuit can be con-
verted to(SLs+ Ripad) || Cioad, @s shown in Fig3.17(c). Impedancé,,,4 can be expressed

as

1

1
= o |l sblacte
Scloa | || Ract—p || SLact-—p

ZIoad =

Scloa | = || Slact-p = = (SLs+ Rioad) || Cloa

RLoad[ (Ls/ RLoad) + 1]
= 3.16
SCioadls+ SR oadCout + 1 ( )
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where the same transformations as in Bd.7are carried out and

Ls~ Lact-p =

1 ( Co , 9m21s 1

— 3.17
Ons,6 \ Omi2,13 Co wz) (3.17)

and
Ims,9 [((cho)z + 9%12713]

(9ms,69m12.13WC0) 2

Based on 3.16), the output impedance of the circuit in Fi§.15has two poles and one

(3.18)

RIoad =

zero. The zero is used to cancel out one of the poles and taceite VGA bandwidth.
The equivalent circuit in Fig3.17c) is exactly the same as the load of the shunt-peaked
amplifier discussed in Sectid3.3 Therefore, the method described in Sec2oB.3can

be used here to optimize the VGA bandwidth by an appropyiatetting

E _ RIoad ‘Cload
Ls/ RIoad

3
_ ( gmg,9 ) ? Cioad (woCo)? | 9mi213
woCo Co |9ms69miz1z  Oms6

(3.19)

for either the maximum bandwidth or a flat gain-frequencyoese.
Since the output inductor can resonate out all of the outpdércapacitance, the size of
input transistordl; 4 can be increased, which also helps to improve the VGA gaienTh

the VGA gain atay is

1A (Ve- Vi)
A= (g ) R (320

wherea = U.CoWr / (Omilr), W is the Mg-transistor threshold voltage, alg /L, is Mg
width-to-length ratio. Compared with the circuit in Secti8.2.3 the VGA gain is in-
creased because of the transistidiess, which are part of the active inductor circuit. For
a fixed current, Ms g draw some current away froMg g thus increasing Agmg 9, Which

serve as the low frequency load resistance of the VGA. Thezefor the same overall
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Figure 3.18: VGA circuit with bandwidth extension techniques. (a) Migraph of fabri-
cated VGA. (b) PCB board with the VGA chip.

gain, the second VGA stage in Fig-3can be removed, improving the circuit bandwidth.
The same input match circuit and output buffer circuit dsat in Sectior8.2.1were

added in this design for measurements. All circuit pararmsetere redesigned based on

a new semiconductor process used for this VGA. Especiadlyotltput buffer gain was

increased by allowing it to consume more power with lowegraiation.

3.3.2 Simulation and measurement results

Two of the proposed VGA circuits in Fig8.15were cascaded to double the variable gain
range. This new VGA circuit was manufactured in TSMC 65 nm C3#@chnology and
occupies 830 umx530 um of chip area including all bond padee chip micrograph and
the PCB board for measurement are shown in Bi§8

To show the bandwidth improvement with the active-indutad, which can be tuned
with Cp andgmi2 13, the simulated results of the two cascaded VGAs with thetinpatch
circuit and the output buffer embedded are shown in Bd.9 The VGA bandwidth is
seen to increase whe&ly goes up from 75fF to 200 fF, but the peak value of the gain also

increases whe@y exceeds 100fF as well. From the plot, the -3dB bandwidtheimses
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Figure 3.19: Frequency response of the VGA chain (with the input matotudiand the
output buffer). Capacitand&, was set to 200fF, 175fF, 150fF, 125fF, 100 fF and 75fF.

very slowly afterCy exceeds 150 fF. In this desi@y of 175 fF was selected to generate
only a small inductance at the load of the VGA to compensayecapacitance generated
from layout parasitic, resulting in a flat gain over the freqay range.

The VGA bandwidth is also related to the transconductantensistordvi;» 13 in Fig.
3.15 The simulated VGA chain bandwidth for differewi;s of current sourceg; in Fig.
3.15is shown in Fig.3.20 From Fig. 3.20 the VGA bandwidth does not change with
Om12.13, but the peak gain does change.Vhs of 550 mV was selected in this design to
achieve a flat gain and required bandwidth, which is mainht@dled byCo.

Fig. 3.21shows the comparison of simulated and measured frequesiygnses of the
VGA chain circuit. The peak voltage gain, S21, in the preslatysimulation becomes flat
in the post-layout simulation due to the parasitic capacigagenerated in layout, which
is not considered in pre-layout simulation. The two-staggcaded VGA has a maximum

measured S21 of 22.4 dB and simulated S21 of 24.2 dB, of whiohta6 dB comes from

49



30 ‘

27

. 2 ........................... |
[an] X
\:’ —e— 500 mV
3 ——520mV
21r ——540mV
—»— 560 mV
—+— 580 mV
18" —e— 600 MV
1308 109 1010

Frequency (Hz)

Figure 3.20: Frequency response of VGA chain (with input match circuitl @utput
buffer) as a function of4,;5s at maximum gain. Vbias was set to 500 mV, 520 mV, 54 0mV,
560 mV, 580 mV and 600 mV to modifym213.

the input-match circuit. The circuit has an upper -3 dB fmey of 2.1 GHz in both post-
layout simulations and measurements. Compared to the s@Wetdpology but without
the active inductors [3], the VGA bandwidth increases bydudiiteonal 1 GHz and the gain
increases by 16dB (from 0.5dB to 16.4dB). The DC gain difieesbetween simulations
and measurements in Fig.21is attributed to process variation and parasitics.

Fig. 3.22shows the measured variable gain range at 0.7 GHz, 1.4 GHzhwe the
low and the high frequency edges of the SKA mid-frequencygearthe VGA upper -
3dB frequency edge (2.1 GHz) and a lower frequency (0.5 Gilich might be the low
frequency edge for the mid-frequency SKA in the future. Atbe ideal linear-in-dB line
is shown for comparison. The VGA has good linear-in-dB penance for all frequencies
shown in Fig.3.22when variable resistor control voltag®, is varied from 0.65V to 1 V.

The maximum variable gain range is 35dB (-12.5 dB~22.5 dB)ahnear-in-dB range of
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Figure 3.21: Comparison of the VGA frequency response for a pre-layauukition, a
post-layout simulation and measurement results.

28.6dB (from -12.5 to 16.1 dB) with the maximum deviationnfréhe ideal linear-in-dB
curve of+1dB are achieved. Both the variable gain range and the linedB gain range
are dramatically improved compared to the VGA without théevadnductor-loads.

Fig. 3.23shows measured gain for different control voltages withim ¢perating fre-
guency range. The lower operating frequency of the VGA cabeymnd 0.1 GHz, which
is only limited by the DC blocking capacitors between the WA stages and the input
match circuit.

Fig. 3.24 shows that the measured input-referi®gg of the VGA with embedded
input match circuit is nearly -22~-23dBm and is nearly inelegient of the control voltage.
The input and output reflection coefficients, S11 and S22skoevn in Fig.3.24 S11 is
less than -10dB and S22 is less than -13dB up to 4.2 GHz. Me@HiR3 is -11dBm at
1.4GHz.
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Figure 3.25: Input and output reflection coefficients

3.4 Conclusions

This chapter started with a description of the circuit cethich is based on two NMOS

transistors realizing a pseudo-exponential function. diheuit cell is the basic building
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cell of the VGA. The chapter proceeded with the descriptiod aptimization procedure
of the pseudo-exponential unit-cell-based broadbandutiredB VGA circuit to provide
maximum gain and large variable gain range. A two-stageackestVGA was fabricated
and measured to achieve more than 20 dB of tunable gain raDgper circuits required
for measurements, such as a differential @hput power-match circuit and a 1@D
differential output buffer, are also discussed. The meaments of the VGA with the input
match circuit and the output buffer show good agreement thighsimulation results. The
slight decreases in the VGA bandwidth and the DC gain aregllgrtiue to the process
variation and unknown parasitic capacitance of the tratésd circuit layout.

In order to further increase the VGA bandwidth, this chaptecceeded with a discus-
sion of another VGA circuit, based on the first VGA but modifisdadding an inductive-
peaking technique implemented with an active inductor |oBlde active inductor circuit
implementation was discussed and a parameter optimizatamedure was described. The
active inductor helps to increase the VGA load impedancetammcrease the VGA gain.
Also a low-threshold-voltage transistor instead of a staddhreshold-voltage transistor
was used in the active-load VGA to increase the VGA gain raMgasurements showed
good agreement with simulation results. The VGA has an ugpeB bandwidth up to
2.1 GHz and provides a variable gain range of 28.5 dB withiB tldviation from the ideal
linear-in-dB behavior, along with input and the output retilen coefficients of less than
-10dB up to 4.2 GHz. The input-referrd®yg is approximately -22 dBm and IIP3 is -
11dBm. The power consumption of the VGA is 1.1 mW. The actnductor load VGA
meets all SKA mid-band frequency application requiremeAtg€omparison of the VGA
with other published VGAs is summarized in TabBel

By careful optimization of the gain and the linear-in-dB garof the VGA, both pro-
posed VGAs achieved the lowest power consumption with a epaiybe linear-in-dB range
demonstrated by recently published VGAs. The VGA with irntdigzpeaking technique

obtained both the maximum gain and the maximum linear-inraiijye with the lowest

54



Table 3.1: performance of two designed VGAS in this work

Parameters | Specifications VGA I VGA I
Power Supply| 1.2V Max. 1.0V 1.0V
Process CMOS CMOS CMOS
65 nm 65 nm 65 nm
Upper 3dB 1.4 GHz 1.15 GHz 2.1 GHz
freq.
IP1dB -35dBm -25~-32 dBm -22 dBm
Power 5mwW 1mW 1.1 mw
consumption
Gainrange | -10dB~10dB| -30~-5dB -12.5~16 dB
(0.7 GH2)
-34~-8 dB
(1.4 GHz)
Gain error <1dB +2dB +1dB
Linear-in-dB Yes Yes Yes

power consumption of comparable VGAs.
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Chapter 4

Power detection techniques

This chapter starts with a discussion of different poweedgbn methods in Sectighland
emphasizes advantages and disadvantages of each methee. ekample circuits using
MOSFET square-law characteristics in the saturation reg® power detectors, which
have most advantages over other techniques, are analyZgelction4.2 The ultimate
goal of this chapter is to identify a power detection methiod power detection topology
that is capable of achieving the broad bandwidth and highiteity required for an SKA

mid-frequency receiver application. Sectib3 summarizes the Chapter.

4.1 Fundamental power detection methods

The power level of an RF signal can be measured by using dhlgreak or root-mean-
square (RMS) values of the signal. Peak detection is seitkdsl constant-envelope or
low peak-to-average ratio signal85-58]. RMS detection is preferred for high peak-to-
average ratio signals, such as noise-dominated signaeelcby radio telescopes, as they
are not sensitive to sporadic large peaks in magnitude. llysta receivers, RMS power
detection is more useful than peak power detection becaM&gower is a consistent and
standard way to measure and compare dynamic signals indepeof waveform shape.
Thermal-based, diode-based and translinear-based idetemtthods are often used in the

design of RMS power detector24, 58-63].

4.1.1 Thermal detection

The thermal detection method is widely used in RF measureetgnpment $9] because
of its broad bandwidth and good accurab®,64]. In this method, heating, which is gener-
ated by the measured RF signal as it is absorbed by a resistivponent, is compared to

heating due to a calibrated DC signal. However, a chip-lesaization of such a detector
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is complicated in standard CMOS technology by thermal dag@mong adjacent circuits
through the silicon substrat@4, 63], and it is not suitable for integration with low-cost

CMOS processes.

4.1.2 Schottky diode power detection

Schottky diodes are widely employed for power detection wutheir nonlinear small-
signal characteristics and favorable high-frequencyquerince and low cosbp,62]. The

relationship between current through a Schottky junctiwhthe voltage across it is

(V—IRs)

| — |SAT(eq—nkT— — 1) : (4.1)

wherek is Boltzmann’s constant is electronic chargeRs is series resistancé, is abso-
lute temperaturelgat is saturation current, amalis an ideality factor. All diodes follow
this relationship but the Schottky junction can have sigaiiily lower forward voltage at
a given forward current compared with other PN junctions.eWhsed as a power detec-
tor, the diode exhibits a nearly square-law relationshigvbenl andV over a small range
of bias voltages as shown in Fig.1 Beyond that, the relationship is neither square nor
linear (crossover region) and hard to define. ThereforepBchdiode detectors have lim-
ited operating range for which their input voltages are taas the PN junction’s turn-on
voltages $9,62,65]. To guarantee proper bias levels, these diodes requibelte com-
pensation techniques to operate as true RMS deted@8foYer a large signal range. As
well, (4.1) shows temperature-dependent performance of the Schaitbkle. Moreover,
Schottky diodes are not standard components in most CMOfdémgies, and therefore
custom layouts are needed for their implementation, whic¢hrin requires additional mod-

eling steps as they are not modeled in CMOS design kits.
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Figure 4.1: Diode forward I-V characteristics and relationship betweerrent and voltage
for different regions.

4.1.3 Bipolar transistor power detection

Bipolar transistors are also used as power detectors duesiiorton-linear collector cur-
rent behavior with the base-emitter voltad®,[66]. Similar to Schottky diodes, in bipolar
transistors the output current has an approximately sgjaareelationship with input volt-
age at low input voltage levels and a linear relationshighigh voltage levels. There also
exists a crossover region between the two regions.

A widely used bipolar power detection circu@f] is shown in Fig.4.2 This circuit
is built with a symmetric circuit topology except for its gie-ended input\s (t)). Ca-
pacitorsC; andC; filter out the AC signal and power supply noise. The DC biage310
andQ» should be equal so as to cancel any DC offset errors whetbeirtuit is operated

in either AC-coupled or DC-coupled modes. Assumipt) = V¢ cog wt), at low input
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Figure 4.2: Bipolar RF power detector circuit.

power levels wher€) is in the square-law regiof),

aVz
4kT

Vo - Vol —V02 = (4-2)

In (4.2), the output voltage is proportional to the square of AC tagignal amplitude. For
this circuit, the output is temperature dependent becalutbe @resence of in (4.2). For

high power levelsg6]

Vo 2V —%Tln V/ (2maver) / (KT). (4.3)

This equation shows the basic principles of large-sign&a®n. The output voltage
varies proportionally with the AC input signal except for anfinear error term, which
depends on signal strength akb/q.

4.1.4 MOSFET power detection

Recent research has demonstrated that MOSFETSs operating deep triode region can

be used to realize power detecta?3,[67-69]. In addition, the square-law characteristic of
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Figure 4.3: The schematic of a MOSFET as a detector in triode. (a) Simglet single-
ended output. (b) Differential-input single-ended outfm)tSmall-signal model.

a MOSFET operating in saturation region can be used for pdection P4, 26, 34,61,

67,70] as well. Also, the high channel resistance of transistpeyating in the saturation
provides the potential for obtaining high detection resoluusing the square-law charac-
teristic of MOSFETSs. A further description of power deteatusing MOSFET transistor

performance is discussed in Secti.4.1and4.1.4.2

4.1.4.1 MOSFET operating in deep triode region

A simplified schematic of an NMOS transistor in triode usedR& power detection is
shown in Fig.4.3(a). In this circuit,v ¢ (t) is a zero-average RF signal. Vf; (t) swings

in the positive direction, terminal& and B act as transistor drain and source, while if
Vi1 (t) swings in the negative direction, termin8Bs&indA act as transistor drain and source
terminals, respectively. Assuming the amplitude/gft) is much less than the overdrive

voltage Vop), the instantaneous current in the transistor is giveih{1y),

()= e () () [2Vo ~r (0] e (©) 20 (@.4)

irf (t) = —Kn|Ves (1)] (va) [2(Vop — W (1)) + vt (1) ]], v (t) <O, (4.5)

wherek, = (unCox) /2, W/L is the width-to-length ratio of the transistor, overdri#tage

Vob = Ves— M, M is transistor threshold voltage amdt) is the change iv; due to body
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effect. Whenv,¢(t) is negative, nod® acts as the source and the voltage between the
source and the transistor substrate, which needs to cotmegebund to avoid forward
biasing PN junctions, changes with input signal and affdutsshold voltage due to body

effect. Threshold voltage variation at negatiwé) is

WD) = ¥n /1205 = v (0] — /248 (4.6)

where W, is body effect coefficient angy is the surface potential. The asymmetry in
instantaneous current described By4 and @.5) results in an average current that flows
from terminalB to terminalA. If v (t) is ignored, the average current is proportional to the

mean-square value of the input signal as follo/§|

1) Ok ("fv) V(D). (4.7)

In this situation, the nonlinearity of transistor chanregdistance can produce an average
current proportional to the amplitude of the RF signal.

In order to further improve power detection gain, differahinputs can be applied as
shown in Fig.4.3(b). Referring to Fig.4.3(b), when the input signal at terminalis also
applied to the gate but in opposite polarity then the exjpoassfrom @.4) and @.5) are

modified as follows27]:

(0= e (1) () [2%00 3w ()] v (6 20 @8)
irf (t) = —kn|Vrs (1)] (VTV) [2(Vop — W () +3|ves (1) ], vin(t) <O, (4.9)

The average power-dependent current is nd\l (@

i (t) O 3kn- (va) V(1) (4.10)
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Figure 4.4: Schematic of a MOS transistor as a detector in saturationSi(agle-input
single-output. (b) Differential-input single-output.

representing an improvement over the single-ended casdduyax of 3.

Due to the low channel resistance of a MOSFET in triode, tlstamaneous drain
current is divided between its channel resistance and #uet resistance as shown in Fig.
4.3(c), which is needed to convert output current to voltagee @ibcuracy of the current
divider determines the average output voltage. Due to theirintrinsic gains, defined
as the ratio between the output voltage and the input powsaoceated with low channel
resistances, even very small mismatch in transistors ganfisiantly affect the PD per-
formance 27]. In addition, since the output of a PD is a DC signal, PV Rtetl offsets
affect the output and require calibration to remove thefgetd to improve the minimum

detectable input power of the PD circuits..

4.1.4.2 MOSFET operating in saturation region

The conceptual power detection circuit based on MOSFET reglaav characteristics in
the saturation region is shown in Fig.4(a). When the input signaj; (t) is applied to the

gate of the transistor, the drain current is expressed as

1 () = ko <VTV)1 (Vas-+ Vit (1)~ V)2, (4.12)
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where (), is the effective width-to-length ratio d¥l;. Assumingv;f (t) = V; cos(cwt)

and rearrangingd(11), one obtains

, W 1 W
0 =kotVes W2 (1) +3k () (4.12)
1 1
DC bi‘a,sterm Input p?)rwerterm

— 2knVr cOS(wt) (VTV) + %knvrzf cos(2wt) (VTV) .
1 1

CapacitorC,_ at nodeA in Fig. 4.4(a) filters out most of the RF componentsijn(t) and
only DC current, which includes a bias current term and antippwer term that is related
to the square o¥; ¢, remains. If the DC bias term can be removed from the filtgred),
then the output current only includes the input-powerteglderm as needed.

The single input circuit can be further extended to a difiéied input circuit 28, 71]
as shown in Fig4.4(b). This circuit uses a pair of same-sized NMOS transistbrsand
M2 biased in saturation to convert the input signals. (t) andv;;_ (t), wherevys, (t) =
—Vif_ (t) = %Vrf cos(wt), into currentd, s, (t) andi;;_(t). The total current¢ (t), shown

in Fig. 4.4(b), can be expressed as

irf (t) = drrs () +irr— (1)
W 1 W
= 2k, (Vbias—\/t)2 <t) +§knvr2f <f)
- 172 - 17%
DC bia;rcurrent Input sig;rqal power

+ }knvrzf cos(2wt) (V—V) (4.13)
2 12

L

g .
Second harmonics

where the gate-source voltages = Wpias, andV; are the gate-bias voltage and the threshold
voltage for transistord, », respectively. A comparison of(13 to (4.12 shows that they
have the same terms except that the fundamental comporfetiits mput signals is not
presentin4.13 since they are out of phase and cancel at the output. Afthng@; at the

drain of M; andMj for filtering out the second harmonic id.(3), only DC bias current
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and a DC term proportional to the input signal power appetreabutput:

. w
irtoc) () = 2Kn(Vbias—\)° <f)
12

1 (W
ka5 | — 4.14

Input signal power

Comparing the two circuits in Figt.4, C is reduced for the differential circuit because it
only filters the second harmonic signal at the output instédlde fundamental and second
harmonics signals in Figt.4(a).

The power detection circuit using MOSFETSs operating in rgdion overcomes the
input range limitation for diodes and bipolar transistdrse input range of a MOSFET PD
operating in saturation is determined by the point whereM@ESFETS enter triode when
input power is high and by circuit noise and an offset due temaitch between the PD
transistors when input power is low. In contrast to poweedtbn circuits with MOSFETSs
working in the triode region, a MOSFET in saturation does swudter from low channel
resistance and overcomes the disadvantages of load-deggredformance present i2{]

and described above.

4.2 Square-law MOSFET power detector examples

Having discussed different ways of detecting power andraeteng that using MOSFET
square-law characteristics when the transistors operaa&turation, this section continues

with a discussion of power detector circuits based on thisagch.

4.2.1 Single input differential output power detector

A very simple single-ended input, differential-outputceiit using MOSFET square-law
characteristics in saturation was proposed24 4] and is shown in Fig4.5. By sizing

M1 andM, the same, usinB_ to convert current to voltage, and taking a differentiajpauit
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Figure 4.5: Differential output square-law MOSFET power detector.

atVy1 andVyy, the output voltage generated by the circuit is

1 /W
Vour(t) =Voz —Vor = 5kn (f) R xV3. (4.15)
Power detection gain
Relative to 4.14), the DC bias term is removed, and the output voltage is ptmpal to

the input signal power. The advantage of this circuit is thigtvery simple and is expected

to have low power consumption and broad bandwidth. Howdvere are some limitations:
» The topology is not directly suitable for use in a diffeii@hinput circuit.

» Large capacitanc€, is needed to remove the RF fundamental signal, second har-
monic signals, and power supply noise at the output. Foebglitering, larger chip

area will be occupied b§, .

» Mismatches betweell; andM, and the two load resistoR can cause output DC
offset. The offset limits PD minimum detection power be@atise power detector

output is also a DC signal.
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Figure 4.6: Schematic of the differential power detector.

4.2.2 Differential input single-ended output power deteatr

An example of a differential input, single-ended output podetection circuit using MOS-
FET square-law characteristics is shown in FHig6 [28]. When NMOS transistoriy,
My, Ms and M7 and PMOS transistomsls, M4, Mg andMg are sized properly, the output
voltageV, has a square-law relationship with input signal amplitu@ibe easiest design
approach is to siz#;, My, Ms and My the same aniil3, Ms, Mg andMg the same. The
currents flowing through each transistor are as labeledgnd=6. Iy(t) is the DC bias cur-
rent for transistory, Mo, Ms andMy, ;¢4 (t) andi; s _ (t) are currents throughl; andMy,
which include DC bias curren(t) and RF signal generated current(t). A low-pass fil-
ter removes the AC signal components preseijift), which includes both a fundamental
frequency signal and a second harmonic signal, to produdg euirent representing input
power:

irf—pc (t) :%knvrzf( 1257" (4.16)

The limitations of this circuit are:
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Figure 4.7: Schematic of differential-input, differential-outputywer detector.

« Differential input and single-ended output, which doesdicectly suit a differential

input and differential output application.

» Power supply noise affects output through capacitandeaoiw-pass filter and gate-

drain capacitance d¥lg, Cyq wvs.

* Mismatches between same-sized transistors (four ttansisith same size) are hard
to compensate, which limits PD minimum detection power.
4.2.3 Differential-input differential-output power detector

Recently, a differential-input, differential-output pemdetector was presented ifil] and
shown in Fig.4.7. In Fig. 4.7, by sizingM1_4 the sameM; andMg the sameMs andMg

the same, and taking differential outplgtat Vo1 andVep,

W
Vo = Vigp — Vo1 = ﬁvﬁ (—) . (4.17)
Om7,8 L 1-4

67



Vo has a quadratic relationship with input signal amplitudeemgnz g are transconduc-

tances oM; andMg. The limitations of this circuit are:

» High power supply voltage is heeded because of the casopdéogy and current
tail transistor to implementizs. The circuit requires four transistors between the

power supply and ground, which is not desirable for low \gdtapplications.

* The gain of this circuit is small due to the low impedanceéwefdiode-connected load
built with M7 andMg. It needs an additional amplifier to amplify the output signa
to measurable levels when the input power levels are low. mis@mum detection
power is also limited by the maximum output voltage, whichyroause input tran-
sistors operate in triode region.The output voltage is thvegy supply voltage minus

the threshold voltage of the diode-connected load.

» The second harmonic signals appear at the power detedimutdimiting the sensi-
tivity of the PD. Only the fundamental signal is canceled/gtdue to 180 degree
phase shift between differential input signals while secbarmonic signals cannot

be canceled as they are in-phase and appear at the powdodetgput.

* Mismatches between equally sized transistors are the faetars limiting the sen-

sitivity of the power detector.

To demonstrate the effects of mismatches and second harsnahithe power detector
output, the results of Monte Carlo simulation (500 runs)eldlasn TSMC 65nm CMOS
technology are presented in Fi4.8(@) and Fig.4.8(b). Fig. 4.8(@) shows transient output
voltages of each run and Fidgl.8b) shows the histogram of offset voltage distributions.
The mean value is 0.6 mV, which is the expected mismatch g@)tand with standard
deviation of 17.3 mV, which means 68.3% of the mismatch gatas within this range.
Thus, it is very hard to have a very high resolution PD withhsadig mismatch voltage

without mismatch compensation.
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(a) Power detector output voltages (500 runs).
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(b) Histogram of Monte carlo simulation (x axis is power detectotput voltages with
no input power applied, and y axis is the bin numbers).

Figure 4.8: Monte Carlo simulation of the power detector circuit in Hg7.
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Figure 4.9: Second harmonics at different input power levels (-35 dB82, dBm, -29
dBm, -26 dBm,-23 dBm, -20 dBm) at 1.4 GHz.

The second harmonic signal at the PD output is shown in&&for 5 different input
power levels. The output peak-to-peak voltage of the sedt@mchonic is 6 mV for -15
dBm input power. Compared to 50 mV DC output voltage, the séd¢@mrmonic is as large
as 10% of the output signal. This noise signal can furtheit tine PD sensitivity. All these
limitations make it hard to use this detector for detectibwesy low power inputs. The PD
output voltages at different input power levels are alsousated and shown in Figd.10

for future comparison with the proposed PD circuit that scdissed next in Chaptgr

4.3 Conclusions

This chapter started with the description of fundamentalgradetection methods, which
include thermal detection, diode detection, bipolar tistos detection, MOSFETSs operat-

ing in the deep triode region, and MOSFETSs operating in tiheraidon region. Thermal
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Figure 4.10: PD output at different input power levels (-35 dBm, -32 dB&f €Bm, -26
dBm,-23 dBm, -20 dBm) at 1.4 GHz.

detection methods are not suitable in CMOS realizationgaltige high-temperature con-
duction of the silicon substrate, while diode and bipolansistor detectors are strongly
temperature dependent and exhibit limited detection range

Since a MOSFET operating in the deep triode region has lowralaesistance, the
output current, which represents the input power, is dividetween MOSFET channel
resistance and the load resistance. The accuracy of thentulivider determines the aver-
age output voltage. Due to their low intrinsic gains, defiaedhe ratio between the output
voltage and the input power, associated with low channd&tasces, even very small mis-
match in transistors can significantly affect the PD periamoe R7]. In addition, since the
output of a PD is a DC signal, PVT-related offsets affect thgot and require calibration
to remove these offsets to improve the sensitivity of the.PDs

MOSFETSs operating in the saturation region overcome thatingnge limitation of
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diodes and bipolar transistors, do not suffer from low clemasistance, and overcome
the disadvantages of load-dependent performance of MOS®TKing in the deep triode
region. The MOSFET square-law power detection techniqueafaration is identified as
the most suitable for the desired application.

Three power detector circuits, which include one singladirdifferential-output cir-
cuit, one differential-input single-output circuit, andliéerential-input differential-output
cascode circuit, with MOSFETSs in the square-law region amahstrated in Sectioh2
These circuits suffer sensitivity limitations due to tristgr mismatches. Noise from the
power supply, which cannot be filtered out, makes the PD segieven worse in the
differential-input single-output circuit. Furthermotégse two circuits cannot be directly
used for a differential-input differential-output apg@ton, which is the SKA receiver re-
guirement. The cascode PD circuit suffers from high powppbuvoltage limitations, and
large second harmonic components at the output, whichdithé PD sensitivity.

To the author’s knowledge, PD circuits published so far dowdt meet the SKA re-
quirements, which include minimum detection power of -35rgBperation in the SKA
mid-frequency range and power consumption less than 2 m\WevwA RD circuit using
MOSFET operating in the saturation region that can meetéheirements is proposed

next in Chapteb.
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Chapter 5

Design of self-calibrated power detector circuit

In this chapter, an improved differential CMOS power dedetapology based on the MOS
transistor’s square-law characteristic in the saturategion is presented in Sectidnl

To improve the PD sensitivity by compensating mismatchesoofiponents, mismatches
between components of the proposed PD circuit are analypZgedtiorb.2 In Sections.3,

an analog self-calibration loop is proposed to compensataiccomponent mismatches
due to PVT variations. Sectiob.4 describes all the circuits used in the calibrated PD.
Experimental verification of the PD operation is demonsttah Sectiorb.5. Section5.6

summarizes the chapter.

5.1 Proposed differential power detector circuit

A CMOS PD circuit with differential-input differential-aput using MOSFET square-law
characteristic 71] was discussed in Sectiah2.3 This circuit needs high power supply
voltage, has low gain and low sensitivity due to transistasmatches and uncanceled
second harmonic components of the input signal. All the®ét lits application to high
sensitivity power detection.

To overcome the limitations of this circuit and make it shigafor the use in an SKA
receiver, an improved differential CMOS power detectootogy using MOSFET transis-
tor square-law characteristics is proposed in this workegsatied in Fig.5.1 This power
detector is composed of the main power detection circuitaaddplicate circuit. The main
power detection circuit consists bf1, Mo, Ms, R. andC,, whereC, andR,_filter out the
RF signals and convert current to voltage at ngge andMs works as a current source,
reducing voltage drop acroBs and thereby increasing PD output swing, which determines
PD detection range. The techniques used in the proposed Blzetoome the limitations

of the circuit presented by’ [l] are summarized as:
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Figure 5.1: Differential power detector schematic.

] Cs Duplicate power detection circuit

» Cascode transistors are removed for low supply voltagé&caion.

» PD loads are formed with current sourct; ¢ paralleling with load resistorss, ,

to increase the PD gain and reduce its noise while increaemgpper limit of the

detection range as well, due to lower voltage drop acRpsthan across the diode-

connected load in71].

» Low-pass filters at the output4; andVyp, formed byC,’s andR_’s, filter out the

uncanceled fundamental component and second harmonicoc@npof the input

signal.

» DC bias voltages instead of current sources used at theeowfM; 4, provide

reverse biasing voltage between bulk terminals, which anaected to capacito,

instead of sources of transistdfs 4. This permits mismatch compensation by using
body effect of the input transistors. The detailed calibratechnique is discussed in

Sectionb5.3.
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» Capacitancé&s at the source oMi_4, shown in Fig. 5.1, is added to remove the
second harmonic components at the sourcégiof;, which, when not removed and
coupled through gate-source capacitancéggdndM,4, may cause power-dependent

fluctuations at the PD output.

In Fig. 5.1, when a differential input signad; cog wt) is applied at the gate terminals of

M andM,, the total current flowing through the load formedRyandMs is Ipo:

Ipo = 2kn (va) (Vos—W)?
12

(),

Input signgl power term

whereVss = Whiast — Voiag, andV; is threshold voltage of transistok4; 4. The second-
order harmonic and the uncanceled fundamental frequegoglsiwhich is caused by the
mismatch betweeM; andM,, are largely removed b§_ andR_, which form a low-pass
filter at the PD output. To remove the DC bias componemggnthe duplicate PD circuit,
which consists of transistoMs, M4, Mg, R_. andC_, is biased at the same condition as the
main power detection circuit, and ideally generates theesB@ bias componentps, in

the current flowing througMs, M4 asMj, My, so that

W
bt = 2k (f) (Vas—W)%. (5.2)
34
By measuring the differential output voltag&,, acrossR,,

Vout = Vo2 —Voi

_ 1 W 2
_ anRL<f)172 V2. (5.3)

-

¢p(power detection gain

the DC bias components cancel out and the output is only diepmlmnvrzf, which is pro-

75



portional to the square of input signal amplitude. In theald#tuation, when all transistors
in the main PD circuit and its duplicate are perfectly matchad noise generated in the
circuit is low, the output voltage is exactly related to thput power as ing.3). In practice,
some amount of mismatch due to PVT variations is inevitaht® reeeds to be addressed
in order to increase the sensitivity and dynamic range ofRbe In this work, transistor
body effect is used for circuit component mismatch compgmsdy modification of bulk
voltages of transistongl; 4 to adjust threshold voltages and achieve zero voltage @&Ehe

output after calibration.

5.2 Differential PD mismatch analysis

The dynamic range of the PD circuit described above is defirmed MOSFETS entering
triode when input power is high, and from the noise and arebffse to mismatch between
the PD transistors when input power is low. In order to imprtve sensitivity and max-
imize the dynamic range, the mismatches of the differef@lare analyzed to provide
design insight.

First, mismatches betweém, andM- are considered. In order to simplify the analysis,
only threshold voltage mismatch, which is the dominant pbowerall transistor mismatch,
is considered. Transistor size mismatches due to manufagttolerances are ignored
since large transistors are selected in this work. Assunfiagthe threshold voltages of
M; andM- are not the same and are representell;pyandV;», then the currents flowing

through these transistors are represented by

/ W 2
lgs = Kn (f) s (VGs-l- Vrf 4 —th) (5.4)

and
/ W 2
lgo = kn (f) (Ves+Vrf— —Vi2)“. (5.5)
12
Similarly to (5.1), these two currents result in the total currgfg= 1,4 + I, OF
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[(VGS—VI1>2+ (Vos—Wi2)?
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12

) V2 cos(2wt)
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+
=
—

) , (Mi2 —Vi1) Vit cos(wt) (5.6)
1,

-

p

Fundemental component

whereVgsis the gate-source voltage of transistbtsandM»,. The comparison ofy.6) to
(5.1 shows that the mismatcheshy andM result in the appearance of the fundamental
component of the input signal at the output. Capadiiporat the output node filters out

this signal and the second harmonic signals, and aS.i) ¢nly the DC currenquDC)

component remains

L

1 (W\
- 3a(T), >0

II/DS(DC) = kn<v—v>12[(VGs—th)zﬂL(VGs—Vtz)z]

The first term in §.7) is the DC bias current that can be rearranged to reserbllelly

introducing an equivalent threshold voltagg discussed in Appendix A.

Ibsioc) = kn (f) > [(VGS—VTl) } + an <f) 172Vrf~ (5.8)
1
Vr1=Ves— \/Vég—VGS(th +Ve2) + > (V3 +V3)- (5.9)

Identical analysis applies td3 andM, for the duplicate PD and the DC current through
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that circuit is

"

lbsipey = kn (VTV):;A [(VGS—Vt3>2+ (Vos—MVa)? (5.10)

and can be rearranged to resemBld) by introducing an equivalent threshold voltage

" W 2
| = kn <—) (Ves—Vr2) (5.11)
DS(DC) L 34 [ ]
1
V12 =Ves— \/Vés—VGs(Vts +Via) + > (V3+Va)- (5.12)

Mismatch betweeWt,; andVr, can be adjusted by adjusting the bulk voltagés, and
V2, of M1_4. There are also likely mismatches betwédnandMg and the twadR_’s. The
proposed calibration technique in SectmBis designed to sa&fo; ~ Vo by adjusting the
bulk voltages oW, andVyy, thus correcting offsets due to all components in both themma
and the duplicate circuits.

A comparison of the output voltage of the proposed circud #re circuit in [/1] is
shown in Fig.5.2 The simulation results show an improvement of the PD gaihraduc-
tion of the second harmonics in the proposed PD. The propBBedutput is very clean
even at high input power level. Monte carlo simulation resof the proposed circuit are
shown in Fig.5.3. The standard deviation of the PD output mismatch voltag®i8 mV,

which can be compensated by the calibration that is disdusgie following section.

5.3 Self-calibrated system for power detector

To compensate the offset at the PD differential output andhfwrove its sensitivity, this

work proposes a calibration process that uses MOSFET stuilkesoltage Vsg, to tune
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Figure 5.2: Simulation results of power detector output voltage atedéht input power

levels (-30dBm, -25dBm,-20dBm, -15dBm,-10dBm). The artim&s point to the curves

representing performances of circuit in [70] and proposedqy detector characteristics
with same sized input transistors.

MOSFET threshold voltages by making use of the well-knowpethelence o¥; onVsg

Ve = Vro+ yn (/1265 +Vesl — /1261 ) (5.13)

wherey, denotes the body effect coefficiei is Fermi voltage, antftg is the intrinsic
threshold voltage. The proposed calibrated PD-circuithldiagram is illustrated in Fig.
5.4. It is formed by a differential-input power-match amplifism0, a PD circuit from
Fig. 5.1, a high-gain amplifieAmpl, and two sets of switche andS,.

During the calibration mode, the switch $tis turned OFF, cutting off the RF signal
from the PD, and the switch s8&4 is turned ON connecting the amplifid@mpl outputs to
Vb1 andVyp, which are bulk terminals df11 > andM3 4 respectively as labeled in Fi§.1
Any unwanted DC voltage difference at nodks andVp, due to mismatches between the

main PD circuit and the duplicate PD circuit is amplifiedAyndl and fed back to the bulk
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Figure 5.3: Histogram of Monte carlo simulation (x axis is power detectotput voltages
with no input power, and y axis variable is numbers locateshah voltage).
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Figure 5.4: Self-calibrated-PD circuit block diagram.

terminals ofM1 > andM3s 4 so as to force the differential voltad, - Voo to zero. Once
calibration is completed, the switch s&t turns OFF to open the feedback loop and the
switch setS; turns ON to connect the amplified input signals to the PD inpate that

the Ampl output voltage is selected based on Monte Carlo simulatioravoid forward
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Figure 5.5: PD calibration block diagram.

biasing the bulk-to-source PN junctions of the PD inputgrstors for all process corners
and all possible operating conditions.

Compared with the offset cancellation method2][ the calibration method described
here is expected to achieve higher sensitivity as the iakldtcharges injected by the
switchesS, appear at the bulks of the PD input transistors instead of gla¢es as inZ7].
Since the gain from bulk to drain of a MOSFET is much lower th@gain from gate to
drain, the charge injection effect is reduced. Also largeaciorsCy at the bulk terminals

reduce the charge injection problems further without aiffigcthe PD bandwidth.

5.3.1 PD sensitivity

PD sensitivity, which is defined as the minimum power level BRD can detect, is lim-
ited by calibration accuracy of the system, PD noise, swettdrge injection, and the PD

calibration rate.

5.3.1.1 PD calibration accuracy

The PD calibration accuracy is mostly dependent on the laopaf the calibration system,
which is shown in a simplified form in Fica.5. In this diagranVi, e represents the input-
referred error due to all mismatches in the PD circuit sggerr represents the output DC
error after calibration. Blocks PD amiimpl represent the same blocks as in Fig4.

The blockArsrepresents the equivalent voltage gain between the stuitkeroltage and
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threshold voltage of the PD input transistds_4. From 6.13), this technology and bias-

dependent parameter is expressed as:

d 1 Yh
Arc= = _ 5.14
TS dVsg 2 |2cn: +VSB‘ ( )
The closed-loop transfer function of the calibration sgste
Vout err APD
- = — 5.15
Vin.err 1+ AppAiAts ( )

whereApp is the open-loop DC voltage gain of the PR, is the DC voltage gain ohml,
andAppA;1Atsis the loop gain. Since the loop gain is much larger than 1¢ckbsed-loop

gain can be expressed as
Vout,err —~ 1
Vin,err AlATS

(5.16)

When calibration completes, the equivalent error in theedehtial RF input signal ampli-

tude can be expressed as

VOUt err \/in err
Verr = o _ e 5.17
e \/ ¢p \/cr pA1ATs ( )

where )y is the PD detection factor as defined #®3). From 6.17), Vezrr is inversely

proportional toArs, Ay andép. SinceArsis mainly determined by the process parameters
as in .14, A; andép, are the main parameters that control the calibration acgwhthe

PD and should be made large. As }3), ¢, can be increased by increasing load resistor
R. and by widenindVl;_4 as seen fromH.3). These however limit the maximum detection
power due to the large voltage drop acrBssand potentially decrease the detection range.
WideningM1_4 may increase PD power consumption, and decrease deteciwer @s
well because of the large voltage drop acrBss Therefore, the PD calibration accuracy,
power consumption, and detection range need to be tradelyofhoosing the proper

input transistor sizes and the load resistaRce Another effective way for increasing

82



) - Mj
RLg G) 'nR fﬁj CD :“—Dmess
Vo
ol
I v
M; 2 1- M;

Figure 5.6: Half PD circuit with noise sources.

the calibration accuracy is by increasiAg, the gain ofAmpl, to increase the loop gain.
According to the simulation, for %, e;r = 5mV before calibration and with; = 70dB,
representing the worst case gaitg,, is approximately equivalent to -64 dBm, referenced
to 100Q differential input impedance, after calibration. This @@y is good enough for

the SKA application.

5.3.1.2 PD noise

In order to estimate the effect of noise on the PD sensitithgymain power detector circuit
in Fig. 5.1, with its noise sources, as shown in Fig6, is considerediZ, , iZ,, 12, andiz o,

represent mean-squared thermal noise currents of trarsdiét, M2, M5 and load resistor
R_, respectively. Simulations show that the thermal noiseoimidant and flicker noise

is not significant for our circuit and therefore is ignorede following discussion. The
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mean-squared thermal noise voltage at the PD half-circuiudVo, can be expressed as

V%,Ol = 4kT R_ (ZygmLZRL + ygrrBRL + 1)

X (fn—fs) (5.18)

wherey ~ 2/3 is the coefficient of MOSFET channel thermal noigg; > and gms are
transconductances of transistdfig > andMs, fs is related to the duration of the PD detec-

tion mode,f, ~ ganchL is the noise bandwidth of the_— C_ filter at the PD outputk is

Boltzmann’s constant, anfl is absolute temperature.

To determine the total input equivalent noise power, th@uiumean-squared noise
voltage% atVo is doubled to account for the identical noise contributibthe dupli-
cate power detector circuit, identified in Fi§.1, converted to voltage and divided by the
PD power detection factor to obtain the PD input-equivateeain-squared noise voltage

2
Vn,in’

Vain = \/2Vao1/&p (5.19)

2KT (2ygmi—a+ Ygms +R_Y) (fo—fs)
2
G ()14

From (6.19, the mean-squared input-referred noise voltage can lreakssd by increasing

(W/L);_4, RL and decreasingys.

5.3.1.3 Switch charge injection

The switche$; andS, in Fig. 5.4 are both realized with MOS transistors, and cause charge
injection when switching from On-to-Off. This charge injen cannot be calibrated out,
thus generates error for the PD output if the switch is noigthes! properly.

The switch se; as shown in Fig5.7 consists of CMOS transmission-gate switches
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Figure 5.7: Transmission-gate switch s8i.

Sia— Sip- Sic andS;p connect and disconnect the RF signal to and from the main il in
terminals. The circuit inside the dashed rectangle shovagn5.7is the unit schematic of
the transmission-gate switch8s — S;p. Same-sized PMOS transistdp;, and NMOS
transistor,My1, are used to cancel charge injectiokly; and Mp; have very small size
to minimize feedthrough effects from drain to source. SI@IOS transistoM 1 is a
pull-down transistor to avoid floating input terminals of EDring the calibration.

In order to remove the offsets caused by the switch chargetion to all PD input
terminals during mode transitions, resist®s,q are added at the inputs of the reference
switchesS; 4 andS;g, as shown in Fig5.7, to emulate the signal-source resistancesqr.
andvin1— and thus provide the same loading to all four inputs to the iP&iit.

The second switch se%, is designed with a pair of NMOS transistors with tiny size
that cause very small charge injection on la@gehus resulting in only small error voltages
on theCy’'s. When the differential PD output is measured, the difieezdue to charge

injection becomes even smaller and can be ignored.
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5.3.1.4 Calibration rate

As discussed above, the mismatch between the PD transstaisbrated out by adjusting

the bulk voltages oM _4. These voltages are stored Ggls and are expected to remain
constant during the PD detection mode. However, leakagermist, such as from MOSFET
source-to-bulklgp, drain-to-bulk g, and deep nwell-to-bulk p-n junctions,, may affect

the stored electron values Gg's and decrease PD detection accuracy. The leakage-induced
voltage variation on th€s, represented by\\Vcp, depends on leakage curren®@s, and

the detection sample rafe as follows:

At

AVeb = 2(lsp+ lab+ Inb) o (5.20)

The voltage variation is mostly determined by process patarslgy, Iqp and I, Fast
sample rate and large store capacitaigalso help to reduce the voltage variation as well

with a cost of chip area.

5.3.2 Summary

Compared to finite calibration error of PD as discussed irs8ciion5.3.1and noise contri-
bution discussed in SubsectibrB.1.2 the switch charge injection error is relatively small
and is ignored for simplification of analysis in this work oRr the PD measurement accu-
racy point of view, the amplitude-squared input-referredresignal V.2, is a combination
of V2, found from 6.17) and input-referred noise ir5(19, and is the minimum RF input
signal amplitude squared that the PD can detect. Once REls&gadded at PD inpu¥/2, ,

superimposes to the RF input signal and results in the totalub voltageviq; as:

Vot = Vo2 — Vo1 = ViF &p+ Ve fp- (5.21)
v \V/
Viotrf Viot sen
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In (5.21), Viotrt andViet sen are components generated by real RF input signal and input-
referred errorsy2,, respectively. The error introduced in the PD measuremgnoalibra-

tion error and noise can be expressed as

AV (dBV) = 20|og<1+vt°tvse“). (5.22)
Vtot,rf

The maximum PD output error happens at lowest input powet,lend this error decreases

when increasing the input signal power level.

5.4 Circuits used in the calibrated PD

5.4.1 Ampl: folded-cascode amplifier with gain boost

To provide high open-loop gain, achieve stable closed-tqmgration and power-down ca-
pability, a fully differential gain-boosted folded-casioperational transconductive am-
plifier (OTA), labeled a’AMP1 in Fig. 5.4, has been implemented as shown in Fag8.
Mg1_g2 are OTA input transistordlrs_r1o form folded-loadsAN andAP are gain-boost
amplifiers to obtain large gain OTA by increasing its outpopéedance. The schematics of
AN andAP are one-stage differential pair amplifiers shown in 5. Diode-connected
loads are used iIAN andAP to move poles at output nodes to high frequency and guarantee
the stability of the OTA circuit.

While there are advantages to the fully differential OTAlsas rejection of the common-
mode noise and even order distortions, its drawback is thd foe a common-mode feed-
back (CMFB) circuit to reduce the effect of PVT and stabilize DC outputs. The CMFB
circuit, depicted in Fig.5.8, is made with two identical resistoR§ an amplifierACOM,
and bufferaVir11_r14, Which isolate the CMFB circuit from the main amplifier outgund
avoid loading from feedback resisto®, PMOS transistordg11_r14 are chosen for the
buffers due to the low common-mode output voltage of the OliAnsistordVis; < are

used to turn ON the OTA load during calibration and turn it Qftfing the PD detection
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Figure 5.8: Schematic of the folded-cascode OTA with gain boosting.
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Figure 5.9: Gain-boosting amplifiers.
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to save power consumption and to prevent the folded-casaoqghdifier from oscillating.
As described in SectioB.3, once calibration is completed, switch &tdisconnects the
Cy’s from load node& andF, and the main dominant pole at OTA output moves to higher
frequency, which may cause a stability problem in the foldagcode amplifier. If this
stability problem is not addressed, the resultant osmhainay feed interference signals
into the power detector output through parasitic capacéarand affect the PD operation.
In this work, the amplifier is turned off in this mode to prevescillation.

The input signal to the OTA is applied to transists; andMg2, and output voltages,
Voutt andVoure, are at node& andF, which are connected to the bulk terminsg and
V2 @s shown in Fig5.4. The resistances at node¢C) and node® (D) andE (F), of the

amplifier can be expressed as:

A rosl
Routacc) = (M) | (OmyTotfore || oo), (5.23)
Om7l o7
and
Routto) ~ <ANgm7r07(gm1rolroll I rog)) ™ (5.24)
Omslo5
Route(F) ~ [ApOmsrosr'o3] || [ANOm7ro7 (Gmilo1loi1 I| o)), (5.25)

wheregm, 1o gm7 andrgy to rog are transconductance and drain-source resistances of tran
sistorsMg1 to Mg7 andMg1 to Mg, respectively, andp andAy are the DC gains of the
gain-boosting amplifier&P andAN, respectively. Comparison of all resistancesar2p-
(5.29 shows that nodeB(F) have the highest output resistance, which provides the high
gain for the OTA. Also this resistance together with caasiat nodd (F ), which include

the parasitic capacitances at these node<Cgntbrm the dominant pole of the OTA. The

three poles associated with the OTA in the calibration maaele expressed as follows:
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-1

_ , 5.26
P1 Rout.E (Cb -+ Cyds + Cqd7 + Cgdr1 + Cgb1) (5.26)
p = (5.27)
2 = 5 .
Routa (CLa+Can)
and
N (5.28)
3 Rout (CLe+Cap)’ .
where
CL.A = Cydo + Capo + Cam + Cyb7 + Cgs7 + Cyat, (5.29)
CL = Cyaz + Cans + Cyss + Cyss, (5.30)

Can is the input capacitance &N andCpp is the input capacitance &P, theCgys's, Cyq's,
Cyb's, andCqyp's are the gate-source, gate-drain, gate-bulk and drdkdapacitances of
each transistor, respectively. The second dominant pglg, iwhich is at node#\(C) due
to the larger node parasitic capacitance compared to thaadésB(D) forming a pole at
p3. Gain-boosting amplifierAN andAP also add extra poles to the system. In this design,
amplifiersAN andAP were designed so that the poles at their outputs were plddedra
frequencies.

During the calibration cycle, the self-calibrated PD foranglosed-loop negative feed-
back circuit, which includes the PD circuits, the ampliflendl and the switch s&%,. The
whole loop has four poles, three poles generate@irnyil itself as discussed above, another

pole, po, is contributed by the PD output resistarieand output capacitan€&y: pp

-1
= 531
Po RLCoutPD ( )

Coutpp = CL +Cagms + Cdbms + Cagm, +Cdbmy

+ Cdgm, +Cdbm, +Cau, (5.32)
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Figure 5.10: (a) Power detector chip micrograph. (b) Test PCB board vighchip.

whereCggwm, » Cagm, andCygwv, are drain-gate capacitances of transisiis M, andMs,
respectively, ancCa1 is the equivalent input capacitance of ampliffen@d. For the PD
to have high gain to overcome noise when sensing low inpuepde provide filtering of
the fundamental frequency at the PD output, and to reduceftket error residual after
calibration (see subsectidn3.1) bothR_ andC_ are chosen to be large resulting pp
to be a low-frequency pole. The other low-frequency pplein (5.26), is located at the
output of Ampl and is formed by the large capacitar@g which stores the calibration
voltages, and the large output resistancépfdl. To maintain stability of the detection
loop, the polep; is designed to be the dominant pole. Two otAerdl poles,p, in (5.27)
and ps in (5.28), are placed at higher frequencies than pmjewhich is designed as the

second dominant pole in the closed-loop, to make the clasgaleircuit stable.

5.4.2 The input match circuit
Power matching of the PD to the 1QQdifferential input signal source was accomplished

with a differential amplifier Amp046] as shown in Fig3.5.

5.5 Simulations and measurement results

The power detector was fabricated in TSMC 65nm CMOS with a/lppwer supply. The

chip micrograph and test PCB board are shown in 5ifj0 The fabricated circuit occupies
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Table 5.1: DC bias voltage measurement results

Simulated| Measured
450 mV | 444 mV
500mV | 501 mV
550 mV | 553 mV
900 mV | 899 mV
400 mV | 408 mV
720mV | 717 mV

8 ‘ 20
60 --Cb=5pF
40- . 150 =+-Cb=10pF
8 — Cb=15pF
o 20 S 100
S a)
P =
£ @
O -20t @ 50
T
-40
O,
-60r
-8 ‘ -5 ‘
10° 10° 10° 10
Frequency (Hz) Frequency (Hz)
(a) Gain (b) Phase

Figure 5.11: Simulated (a) typical-corner gain and (b) typical-cornleage of the folded-
cascode gain-boosted amplifier with load capacita@ges 5 pF, 10 pF and 15 pF.

430um x 350um including the input match circuit. The total power constimpis 7 mW.
1.2 mW is consumed by the power detector and the folded-dasamplifier circuit, and
the other 5.8 mW is consumed by the input match circuit, whithnot be needed once the
power detector is embedded in the SKA receiver chain. Albilas voltages are generated
on chip. A comparison of design bias voltage and measuredtses summarized in Table.
5.1

Fig. 5.11shows the simulated gain of the folded-cascode amplmipl for three
differentCy’s. This amplifier provides 75 dB of DC gain as shown in Figll(a). The
minimum phase margin is 8Qvith C, of 5 pF, and 75 with Cy of 15 pF, which is the value
used in the final design for storage of the calibration vataghe second pole location is

independent o€, and is at 98 MHz. The total power consumption of the amplifieruat
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Figure 5.12: PD noise distribution.

is 0.61 mW.

Fig. 5.12shows the histogram of the PD output noise obtained from areasent of the
differential output voltage of the PD when the input is tutiodf and calibration is disabled.
The measurements show that the noise exhibits an appraxi@aaissian distribution with
standard deviation of 50uV and a mean of 51QV. Since the calibration was turned
off for this measurement, the mean value, i.e. the DC offisenot zero. From these
measurements, the estimated input-equivalent noise pewet8.3dBm, which is close
to a simulation result of49.3dBm. Note that the simulated input-match circuit’s noise
figure is approximately 4 dB and its gain is 6 dB, therefore tuthe large noise of the
PD the input-match circuit has negligible effect on the agierformance of the complete
circuit.

Figs.5.13and5.14show the measured PD differential output voltage durinidpcation
and detection modes for different input power levels with ithput signal frequency set to

1.4 GHz. The minimum detected power was approximateld dBm. The PD output set-
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Figure 5.13: Power-detector output voltage at input power levels of -Bind-25 dBm,
-30 dBm and -35 dBm.

tles in less than fs after the detection mode is turned on. Similarly, calibracompletes
in less than 4us.

Fig. 5.15shows the measured output voltage versus the input poweffexredt fre-
guencies. The PD output voltage (dBV) shows a linear retatigp with input power from
—48dBm to—11dBm with+ 0.95dB error at frequency range from 0.5 GHz to 1.8 GHz,
which defines the -3dB bandwidth of the PD. Note that the maridetection level is lim-
ited by the input-referreB,gg = —11 dBm of the input-match circuit. The -3 dB bandwidth
of the power detector is approximately 1.8 GHz as seen franPih frequency response in
Fig. 5.16

Fig. 5.17 shows the PD detection accuracy with different input poeeels at 0.7 GHz,
1.0 GHz and 1.4 GHz, which covers the SKA mid-frequency rafidee maximum detec-
tion error is 0.95 dB at input power of -48 dBm and this erracrdases when input power
increases. The effect of bulk leakage currents on the PDubwups also measured and

shown in Fig.5.18 It is observed that when the source terminal voltage of therput
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Figure 5.14: Power-detector output voltages at input power levels ofdBih, -40 dBm,
-43 dBm, -46 dBm and -48 dBm.
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Figure 5.15: Output voltage versus input power at frequencies: 0.5 GHz,@Hz,
1.0 GHz, 1.4 GHz, 1.8 GHz and 2.2 GHz.
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Figure 5.16: The power-detector frequency response measured with aB20stgnal.
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Figure 5.17: Power-detection error at 0.7 GHz, 1.0 GHz and 1.4 GHz.
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Figure 5.18: Bulk-leakage effect on the PD output.
Table 5.2: Performance summary and comparison
Parameters This work [28] [24] [25] [27] [26]
Process (CMOS) 65nm 65nm 0.13um 0.13um 0.18um 40nm
Sensitivity (dBm) -48 -25 -35 -33 -39 -10.5
Detection range (dB) 37 25 20 43 20 325
Operating frequency (GHz) 0.5-1.8 N/A 0.125~1.4 16 3.1-10.6 5
Linearity error for +0.95dB for 37dB N/A +0.5dB +1dB for +2.9dB +0.6dB for
specified input range +0.5dB for 29dB for 18dB 43dB for 20dB 32.5dB
Power consumption (mWw) 1.2 N/A 0.18 35.2 10.8 0.349
Circuit area fnnt) 0.036 N/A 0.013 0.75 0.36 0.009
Calibrated Yes No No No Yes No
Measured Yes No Yes Yes Yes Yes
Inputs/Outputs D/D* D/s* S/D* S/S* D/D* D/s*

* D: differential, S: Single-ended

transistorsVpiaw, is set properly the discharge Gf is reduced and the PD output voltage
is kept constant over time. Fi%.19shows the power-detector input reflection coefficient,
which is less than -9.8 dB from 100 MHz to 5 GHz. The summarnyhefgerformance of

this proposed PD circuit and other recently published PBudis is shown in Tabl&.2
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Figure 5.19: Input reflection coefficient.

5.6 Conclusions

In this chapter, an analog self-calibrated high-sensgytibroadband differential CMOS
power detector using MOSFET square-law characteristicaiaration was proposed for
use in an SKA receiver. All input-referred mismatches, whiwlude input transistor mis-
matches, load transistor mismatches and resistor misestale compensated by adjusting
the power detector input transistor bulk voltages. The athge of the proposed calibration
technique over a conventional auto-zero method is thatwiitets charge injection, which
cannot be calibrated out, appears at the bulk terminaladsté the gate terminal of the
input transistors, since the transistor gains from bulkrgordare much less than from gate
to drain, and so the charge injection does not affect theuvgignificantly.

In this chapter, a high-gain folded cascode OTA with gaingtiog was used for cali-
bration. The OTA senses the mismatches at PD output, anspkiiel generates a compen-
sation voltage at the PD input transistor bulk terminalsdmpensate mismatches. This

amplifier provided 75 dB DC gain with less than 0.1mW powerstonption. This high
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gain dramatically increases the calibration accuracyedtsf of noise and switch charge
injection on sensitivity were also discussed.

This power detector operates over an input power range f#@&dBm to -11 dBm with
output voltage error of less than 0.95 dB and input-refelRigg of -11 dBm, determined by
the input match circuit. The -3 dB bandwidth of the power digeis about 1.8 GHz, which
covers the SKA mid-frequency range from 0.7 GHz to 1.4 GHze pbwer consumption

is only 1.2 mW for the PD itself.
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Chapter 6

SKA receiver design with the embedded PD

In Chapter5 the implemented self-calibrated RMS PD was discussed asdstvawn to
achieve all requirements listed in Talle3. The last step of the work is to embed the PD in
an SKA receiver. In this chapter the receiver designed Withlacks embedded, which in-
clude PD, low noise amplifier (LNA) and analog-to-digitahwerter (ADC), is discussed.
In order to enable integration into the receiver, some changere made in the PD com-
pared with the PD circuit discussed in Chafdass discussed in Secti@2 Layout design
considerations are also described in this section. Se6t®presents the measured results
of the PD embedded in the receiver using a signal generatbnaise sources. The last
stage amplifier in the receiver before the ADC is a VGA. Howgaedifferent VGA de-
signed by other members of our team was used instead of thedi€safissed in Chapt&
because noise measurements showed that for accurate acasegter measurements gain
compression of much less than 0.1 dB was required. Theretfuedinear-in-dB require-

ment was removed in favor of linearity.

6.1 SKA receiver topology

The SKA receiver topology that was designed and fabricageshown in Fig.6.1 The

H

H ' >

H PD

; ) - PD output

R

VGA control signal

> >> >> >§ <@=¢ ADC output

First stage LNA Shunt-peaking and
Equalizer stages

Vivaldi Antenna .
Two gain stages

Figure 6.1: Designed SKA receiver topology with all blocks embedded.
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first stage is an LNA, which is a noise-cancelling LNA, conge¢he single-ended input to
a differential output. After the LNA, there are five stagdw€e gain stages, an equalizer
stage and a VGA stage) to amplify the received input signadaired levels for the ADC.
The last stage before the ADC is a VGA as shown in [Bid, which also functions as an
output buffer, providing 10Q differential output match for measurement of receiverghai
performance without the ADC. The ADC used in the design idit 5-Gs/s ADC designed
by one of the group members. As mentioned in Chapténe power detector in the SKA
receiver is used to measure the total received power béferé@A in order to preserve the
total received power information required for some astroiwal observations. In order to
avoid loading the second-last gain stage, a buffer is addwdden the output of the second
last gain stage and the power detector input as shown ir6Elg.

The whole receiver chain was completed by our research grambers working to-
gether. The author completed the PD, the buffer circuit, alsd layed out the shunt-
peaking and equalizer stages and VGA stage. Other work wapleted by group mem-
bers [Dr. Leonid Belostotski, Aaron Beaulieu, Donuwan Nawae, and Yongsheng Xu].

The dashed rectangles indicate my contributions to the evieaeiver design.

6.2 PD circuit embedded in receiver

6.2.1 PD circuit topology

The PD circuit embedded in the SKA receiver is shown in Big, The dashed rectangles
indicate the new and updated blocks compared with the tineutig. 5.4 that was dis-
cussed in Chaptds. The input match circuit designed for measuring the PD s#plgrwas
replaced by an input buffer to isolate the main PD circuitrfrthe receiver chain. In this
PD, an amplifierAm®, is added after the main PD circuit to further amplify the ®iDput
voltage of a few micro-volts, which is hard to measure at tBeoRtput due to noise and
resolution of the oscilloscope, to millivolt levels at tAen®2 output. The reason that the

output is not taken from the output of amplifi@mpl is becaus@dml is a folded-cascode
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Figure 6.2: Self-calibrated PD topology used in the SKA receiver.
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Figure 6.3: Two stage amplifierAmR).

gain-boosted amplifier that provides large loop gain fohhagcuracy calibration and thus
has a very limited output swing, which would limit the PD dgien range.

Amp in this work was designed using a two-stage differentiah@$ shown in Fig.
6.3 The second stage &fm® was designed as a common-source amplifier providing

maximum output swing, which is presented¥4,
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AVo = Vdd — VdsMn ny — VdsMgs g6 (6.1)

whereVysmy, ,, andVigsw,s ,; are overdrive voltages of transistdhi n, andMgs g, respec-
tively. A common-mode feedback circuit formed biR® and amplifielAF was designed to
compensatdm@® output operating point changes due to PVT variations. Tiflels after
the output stage composedMfs, M, andM,g, Mg are used to isolate the common-mode
feedback circuit from the output to avoid a decrease in geligain.

In order to compare the resultant detection range with tBab&put, AV, is referred
back to theAm® input, represented Vi, , which is the main PD output, by dividing by
the gain ofAmg2,

AVin = AVo/Aampp. (6.2)

The maximum output swing at the main PD circuit, shown in Big.is AVpp,

(6.3)

S

AVpp =Vgd — VasMse — Vdsmy, — VR

wherevds,wsﬁ6 andVgyswm, , are overdrive voltages of transistdvig ¢ andM 2, andVr, is the
voltage drop acrosBs. AV, and AVpp are of the same order antiVi, is much smaller
than AVpp due to the gain oAm2, which is in the order of 40 dB in this design. So,
Amp reduces the minimum detected power while also reducingnigmemum detection
range.

As described in Chapté&; mismatches of the circuit components of the main PD circuit
and input-referred mismatch éimpl are calibrated during the PD calibration cycle while
mismatches oAm®, which is not in the calibration path, cannot be calibreaed are
amplified during the PD detection cycle creating offseig,aandVy,. In order to minimize
this offset,Ampl andAm® are designed to share the same input stage, shown i6 2jg.

which is the main source of mismatch, but with different Iea8witchess; andS, are used
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Figure 6.4: PD circuit that was embedded in the SKA receiver.

to switch loads between the calibration cycle and detectymte. These switches are in
the signal path and realized with MOSFET transistors. Tishmissizes are very carefully
selected to have small resistance and to provide only smatbe injection. The transistor
sizes of the two sets of switches are chosen the same, whistiyneancels the charge
injection during transition between calibration and datec

For the main PD circuit, shown in Fid.4, the input transistorM; — M4 sources are
connected to ground through aQkesistor to generate 500 mV source voltage instead of
directly connecting an off chip voltage source as was usethi®PD in Chapteb. This
reduces the number of bondpads. Due to the chip area liontathe capacitance at the
sources oM — M, is also removed and only two bondpads connected,i@ndV,, are

kept in the final layout. The input signal is supplied from 81€A receiver input.
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6.2.2 Layout considerations

The whole receiver was designed in a TSMC 65 nm GP CMOS prpaedthe chip layout
is shown in Fig.6.5@a). The chip area is.2 x 1.5 mn¥ including all bondpads. Fig5.5b)
shows PCB board with the receiver chip embedded used forureraents listed in this
Chapter.

For layout design, most of the components from design kiteveelited for suitable
application in this receiver. The transistor layout, asalié in the design kit, was modified
such that the gate fingers were contacted on both sides nefgate resistance, which is
very important for low noise circuits. Standard MIM capaaoite was also modified by
adding shielding metal underneath the bottom plate to rdocse pick-up from the sub-
strate. The large-width transistors were split into midtijpansistors in parallel, reducing
gate resistance and allowing for current to flow into therdeaienly while having compa-
rable parasitic capacitance. Signal traces and power wygaphs were drawn consisting
of multiple metal layers and with maximum number of via caetiens to reduce the trace
inductance and current density.

For better transistor match, common centroid layout isguretl, which can reduce the
process variation effects on transistofg][ Two transistors with a common centroid layout
used in the PD are shown in Fi§.6. Transistor 1 on the left-top and Transistor 1 on the
right-bottom form one large transistor with drain, sournd gate terminals connected, and
Transistor 2 on the left-bottom and Transistor 2 on the fightform another large tran-
sistor. These two large transistors are the same size arekjpeeted to be well matched.
This method needs very careful layout considerations dt tnepuency operation because
of the long signal traces adding parasitic capacitance.

All signal traces were isolated from the substrate usingahsttips, which reduce sub-
strate noise pick-up7B]. The importance of substrate shielding has been verifiegipr
ously with a measured noise figure increase of > 0.1 dB in an EKA that did not em-

ploy substrate shielding/l]. Thus, all signal traces were shielded to avoid substraigen
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Figure 6.5: (a) Receiver layout (b) Receiver chip embedded on PCB board.

pick-up. An example of the shielding employed under thedioarrying the RF signals is
shown in Fig.6.7. The RF signal trace shown in Fif.7was surrounded by multiple metal

layer paths, which were left floating and not connected td@substrate in this design.
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Figure 6.6: Transistor layout design example.

Shielding wall
Signal trace Shiclding wall

Secnn.dﬁlu

Figure 6.7: Signal trace shielding.
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All metal layers from bottom metal to top metal were connéatéth a large number of
vias. The floating thin metal strips on the second lowestrlayere added across signal
paths between the two shielding walls to provide shieldihthe substrateq3, 75. The
shielding walls were left floating as that provided betteisaasolation than when directly
connected to the substrate, as verified by former measutemesults. A large number of
ground bond pads were connected together and bonded taié bmard to provide a good
RF ground. This provides a low-impedance path for RF groumceats between the signal
ground on the die and the circuit board. All grounded stmagwvere well interconnected

to minimize the resistance path for the RF ground currents.

6.3 Measurement results of the embedded PD

The power detector was measured by connecting a noise stautibe SKA receiver in-
put. The available noise power at the receiver input wassaeljuby adding attenuators
between the input noise source and the receiver input. The-ireferred equivalent noise
temperature], of the attenuator is calculated using

1
Ta=To (G—a — 1) , (6.4)

whereT, = 29K, G, is the attenuator gain. The total noise poviRy, at the receiver input
is calculated by

whereTs is noise source temperatuteis Boltzmann’s constant ar8lis integrated noise
bandwidth.

Two noise sources were used in this measurement. The firsé soiurce was Ag-
ilent's MY44420986 with cold noise temperatuie, of 302.9K, which corresponds to -
83.79dBm over 1 GHz noise bandwidth, and average Excesg Raiso (ENR) of 4.95dB.
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Table 6.1: Input noise power at the SKA receiver input.

Index Attenuator Input referred noise Total input noise Input noise power
gain temperature temperature (dBm)
of attenuators (K) of receiver (K)
1 0dB N/A 1250 -77.6
2 -1dB 77.05 1054 -78.4
3 -2dB 174.06 898.4 -79.1
4 -3dB 296.19 774.8 -79.7
5 -4dB 449.93 676.7 -80.3
6 -5dB 643.50 598.7 -80.8
7 -6dB 887.17 536.8 -81.3
8 -7dB 1193.9 487.6 -81.7
9 -8dB 1580.12 448.5 -82.0
10 Noise off N/A 302.9 -83.8
11 -8dB 1580.12 262.6 -84.4
12 -7dB 1193.9 253.7 -84.6
13 -6dB 887.17 242.49 -84.8
14 -5dB 643.50 228.38 -85.0
15 -4dB 449.93 210.61 -85.4
16 -3dB 296.19 188.24 -85.9
17 -2dB 174.06 160.08 -86.6
18 -1dB 77.05 124.6 -87.7
19 0dB N/A 80 -89.6
The noise source hot temperature was calculated by using
Ts=ENRXx 290K + T.. (6.6)

The second noise source used for measurement was a MaurgwWdioe Liquid Nitrogen
noise source, which provides low noise power with a noisegtature of approximately
80K.

The total noise powers at the input of the SKA receiver from o noise sources
and different attenuators are summarized in Tallel. The data in rows 1-10 and 11-
19 were calculated with Agilent’'s MY44420986 and Maury Misave Liquid Nitrogen
noise sources, respectively. The two noise sources camderoyut power ranging from

-89.57dBm to -77.6 dBm as shown in the last column of Tabl&.
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Figure 6.8: Receiver output power versus input noise power for AgikeMY 44420986
noise source.

6.3.1 Receiver linearity measurement

The power detector is located before the VGA stage, whidhdddst stage of the receiver.
In the following measurements, VGA gain was set to 0 dB tolsefgower detector input
power to be the same as the receiver output power. Beforegdorgy with the PD mea-
surements, the receiver linearity was checked with AgBekity44420986 noise source
followed by different attenuators. The measurement resareé shown in Fig.6.8 The
receiver output power achieved a good linear relationsliilp the input noise power with
a slope of 0.85. The reason that the slope is 0.85 rather tlimbdcause the power me-
ter adds its own noise to the measured signal. This powermeige power produces an

offset in measurements, which affected low power more thgim power level.
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Figure 6.9: Power detector output voltage at different input signal eovevel (noise
power). The top blue line shows PD output voltage at the mawinmoise temperature
with no attenuator added and the red line at bottom is the Rpubwoltage at the lowest
noise temperature. All curves between from top to bottomraceder of 1dB, 2dB, 3dB,
4dB, 5dB, 6dB, 7dB and 8dB attenuations of the maximum ne@sgerature.

6.3.2 PD measurements

The time domain measurement results of the PD using Agd&mY44420986 noise source
followed by different attenuators is shown in Fi§.9. The PD had a short detection time
but very long calibration time that was caused by the sectagkf theAm R, which was
OFF during the calibration cycle and its leakage currenttdisged the output nodes. The
calibration was completed bdmpl and had less thanus response time as measured in
Chapters. Fig. 6.10shows power detector output voltage at different noise péoswels.
The PD output voltage (dBV) shows a good linear relations¥tp the input noise power
with slope rate of 0.73 dBV/dBm. The non-unity slope is calisg the noise floor of the
oscilloscope used for measuring the power detector output.

As described in Sectiof.3.], the power detector input power equals to the receiver
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Figure 6.10: PD output voltage versus input power for Agilent's MY 444869Moise
source.

output power as the VGA gain is set to 0dB. The PD transfertfandetween the output
voltage (dBV) and the input power with Agilent’'s MY44420986ise source is presented
in Fig. 6.11 The output voltage showed good linear performance witlnjpsit signal
power. In order to check the linear performance of the whabeli power range, Figs.12
shows the PD output voltage when the input noise power isrgegtewith Liquid Nitrogen
and Agilent’s MY44420986 noise sources. The PD output geltedBV) showed linear
performance with the input power with a slope of 0.78 dBV/diat is the power detector
gain, and achieved a maximum deviation from best fit curve.6t8 within the whole
input power range, of 12 dB.

The maximum measurable noise power of the receiver is detechby maximum noise
power of the noise source, which is -76.2dBm in this measargnA signal generator was
used to measure the maximum detection power level. The P&tdetoutput voltage at

different power levels set by the signal generator is showfig. 6.13 The maximum de-
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Figure 6.11: PD output voltage versus receiver output power at the maxinmput noise
temperature using Agilent MY 44420986 noise source andadti®rs. The receiver output
with the VGA gain set to approximately O dB, equals to the posetector input power.

tection power level is -70 dBm and saturates when the powegkser. Thus, the detection
range of the PD is from -89.6 dBm to -70dBm as shown in Fdl4 If the gain of the
LNA and the gain stages before the PD was de-embedded, ther petection range of the

power detector is approximately from -39.6 dBm to -20 dBm.

6.4 Conclusions

The design considerations of the SKA receiver and powerctiatevere discussed in this
chapter. The whole receiver design was completed by manyb@aenof our research team.
The author completed layout of the shunt-peaking gain sthgeequalizer and the VGA
blocks, and the PD circuit, which was also designed by thiearutogether with two other
group members who completed the whole chip layout for irategn.

In order to make the PD more suitable to use in the receivemgés were made to

the PD circuit including the replacement of the input maticbuit with an input buffer for
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Figure 6.13: Power detector output with input signal power supplied frsignal gener-
ator.
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Figure 6.14: Power detector output with input signal supplied from a algrenerator.

isolation of the PD from the receiver chain and avoiding lngdhe receiver gain stage
output and lowering the receiver gain. In addition, an afigplivas added after the main
PD output to amplify the very low output voltage at the PD auitprhis amplifier shared
the same input stage with the calibration amplifier. Theetharput stage reduces an offset
due to uncalibrated offset on the added amplifier.

Measurement results show that the PD circuit is capabletettiag the expected SKA-
receiver input power specified in Tallle3. The lowest noise power that the PD can detect
is -39.6 dBm with a power detection range of from -39.6 dBnm2@dBm. The total power

consumption of the PD was about 1.5 mW.
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Chapter 7

Conclusions and future work

7.1 Thesis summary

This thesis presented two low-power and broadband limedBiVGA circuits and a high-
sensitivity broadband analog self-calibrated RMS PD dirfcw use in an SKA radio tele-
scope receiver. The VGA circuit with an active inductor |leadl the self-calibrated PD
circuit achieved the specifications shown in Tabl@sand1.3. To achieve these perfor-
mances, many different design approaches were invedligate

In Chapter2, broadband VGA topologies were reviewed and the transadadaoe-
tunable VGA topology was selected because of gain-indegrgrithndwidth and suitabil-
ity for broadband applications. Approaches for realizingear-in-dB function were dis-
cussed and the pseudo-exponential approximation funetaanselected due to its simple
format and ease of realization. Then, the bandwidth exdengchniques were investi-
gated and finally a shunt-peaking technique was used in th& \éGextending the VGA
bandwidth.

In Chapter3, an ST 65nm CMOS low-power-consumption linear-in-dB VGAwi
transconductance-tunable topology was designed andeceakperimentally. This VGA
achieved a variable gain range of 26 dB and a -3dB bandwidthil&f GHz while consum-
ing ImW. This VGA met most of the requirements for the SKA agilon except for the
bandwidth and gain error. The second VGA with a shunt-pepkandwidth-enhancement
technique and a linearity improvement technique was desigmd fabricated in TSMC
65nm CMOS technology. The measurement results showedablagain range of 32 dB
and a linear-in-dB range of 28 dB while having a maximum gaiviation of at most-1dB
from the ideal linear-in-dB behavior, a -3dB bandwidth df@Hz and consumed 1.1 mW.
Both input reflection coefficient, S11, and output reflectoefficient, S22, were less than

-10 dB up to 4.2 GHz. Comparison of this VGA with other publioas was summarized
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in Table7.1.

In order to design an RMS PD for the SKA application, the pgasspower detection
methods were reviewed in Chap#r Advantages and disadvantages of each detection
method were analyzed. Finally, MOSFET square-law behawioich has more advantages
than other techniques, was selected as the power detecatrodin this work. Monte
carlo simulation results of one of the PD circuits based ensttpuare-law behavior were
reported, showing that mismatches between PD componensedaignificant offset in
the PD output. This offset cannot be tolerated in very higisgiity PDs without any
mismatch compensation.

A high sensitivity analog self-calibration RMS power deia circuit using the MOS-
FET square-law characteristic was proposed in Chapt8elf-calibration using transistor
bulk terminals to adjust the PD input transistor thresholdages was proposed to compen-
sate all input-referred offset. In contrast to conventi@ugo-zero amplifier compensation,
the proposed compensation method can largely remove thgeclgection effects, by
moving charge injection terminals to the low gain nodes.sTPD, fabricated in TSMC
65nm CMOS, achieved a sensitivity of -48dBm and a -3 dB badtinof 1.8 GHz, which
covers the mid-frequency range of SKA. The power consumptias 1.2 mW. The PD
performance and the comparison of the PD with other puldisireuits were summarized
in Table.7.2

Chapter6 discussed the SKA receiver design in which the PD was emigedden
the PD was embedded in the receiver, an amplifier was addedta& PD circuit to in-
crease the output signal strength. Layout design of theverceras discussed in Section
6.2.2 The measured results of the PD in the SKA receiver showedr detection range
from -39.6 dBm to -20 dBm with maximum error of 0.6 dBV at the Bl@tput. The power

consumption of the PD was 1.5 mW.
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Table 7.1: Performance of two proposed VGA in this work and comparisah ather published designs

Parameters Spec. VGA | VGAII [22] [54] [76] [77]
Power Supply | 1.2 V Max. 1.0V 10V 1.8V 1.0V 1.8V 1.8V
CMOS Process| 65nm 65 nm 65 nm 180 nm 90 nm 180 nm 180 nm
Upper 3dB freq. 1.4 1.15 2.1 900 2.2 2 2.2

(GHz)

IP1dB (dBm) -35 -25~-32 -22 -59~-11 -55~-15 N/A -5

Power (mW) 5 1 1.1 114 2.5 40 19.8
-30~-5
Gainrange (dB)| -10~10 (O_'; 4?:'32) -12.5~16 | -39~55 -10~50 -16~34 | -13.5~13.5
(1.4 GHz)

S11 (dB) <10 <10 <10 N/A N/A N/A N/A
Gain error <1dB +2dB +1dB N/A N/A N/A N/A
Linear-in-dB Yes Yes Yes Yes No No Yes




6TT

Table 7.2: Performance of the proposed PD and comparison with othdispel designs

Parameters This work [28] [24] [25] [27] [26]
Process (CMOS) 65nm 65nm 130nm 130nm 130nm 40nm
Sensitivity (dBm) -48 -25 -35 -33 -39 -10.5
Detection range (dB) 37 25 20 43 20 32.5
Operating frequency (GHz 0.5-1.8 60 0.125~1.4 16 3.1-10.6 5
Linearity error for specified +0.95dB for 37dB N/A +0.5dB +1dB +2.9dB +0.6dB
input range +0.5dB for 29dB for 18dB | for 43dB | for 20dB | for 32.5dB
Power consumption (mW) 1.2 N/A 0.18 35.2 10.8 0.349
Circuit area (nr) 0.036 N/A 0.013 0.75 0.36 0.009
Calibrated Yes No No No Yes No
Measured Yes No Yes Yes Yes Yes
Inputs/Outputs D/D* D/S* S/ID* S/S* D/D* D/S*

* D: differential, S: Single-ended



7.2 Future work

This thesis presents two linear-in-dB VGA circuits for usghe SKA receiver. The ac-
curacy of linear-in-dB range of the VGA is limited by the \atyle resistance. To further
increase the range, the resistor linear range can be imcrdnsusing different threshold
transistors in parallel or by using the same type of traossdiut controlling each transistor
with different voltages to extend the transistor channsistance linear range. Also the
source-degenerated topology results in a low gain in each $t@ge. Increasing the gain
of each VGA stage is another direction to be considered toougthe performance of the
VGA.

Although the self-calibration power-detection circuishaery high sensitivity, it could
be further improved by reducing the PD offset voltage dudédetection amplifier. The
calibration system calibrated all the mismatches of the P&uit and the calibration am-
plifier. The input-referred offset of the detection amptifiechich is different from the
calibration amplifier although they shared same input steagesistors, was only partially
calibrated due to the gain difference between these twoitenpl The next step of the
work is to reuse the calibration amplifier as a detection #maphs well, and calibrate all
the offset at the PD output to further increase PD sengsitwhile keeping the PD output
swing. Also the second-order harmonics of the input sigmblch cannot be canceled at
the PD output, need to be filtered out at the source of the Pt inpnsistors. Otherwise,
the DC operating points of the power detector change withtippwer and result in sen-
sitivity decreasing due to the different threshold volgetween PD RF input transistors
and DC reference transistors.

Twelve of the SKA receivers described in Sectéare being prepared for testing in an
advanced focal array demonstrat@B|[79] to verify its suitability for radio astronomical
applications. Once successfully verified, the receivelisnged to be prepared for a larger

volume production for a performance verification on the SKkeanas. While the receiver
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already achieves very low noise temperature, it may alsof eterest to investigate the

cooling of the receiver to improve its noise even further.
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Appendix A

Equivalent threshold voltage derivation

Fig. A.1 shows a circuit unit with two parallel transistors with @ifént threshold voltage.
The object of discussion is to derive an equivalent thrasholtage, which can use as both
transistors threshold voltage. Assume the same sizedgtarsvl; andM- have threshold

voltage of\Vt1 andVip, thus the currents flow througWi; andMy arel; andl ,,

l1 =kn (va) (Ves—V1)?, (A1)
12

= ki <va) (Vos—Via)2. (A.2)
12

For simplification, the channel length modification effectgnored. The total curreni,

is

Ip = Ii+1s

= kn(va) [(Ves—\/tl)z-i-(Ves—Vtz)2 (A.3)
12

Assume there exists an equivalent voltagg, for bothM; andM,, that with the same bias

voltageVgs, the total current flow througM; andM, can be the same as with different

Vas

Vs

\/

Figure A.1: Two parallel transistors with different threshold voltage



threshold voltag®;; andV;2 for My andM»

Ip = 2kn<va) Ves—Vri)2.
12

Comparison of A.3) to (A.4) gives that
2(Vos—Vr1)® = (Vos— V1) + (Ves— Vi2)*.
RearrangeA.5) results in
2(Vos—Vr1)? = 2VEs— NVos(Vi1 -+ Vio) + (VI +Vi3)

and

1
V11 =Ves— \/Vés—VGs(th +Vi2) + > (V2 +V3),

which is the equivalent threshold voltage for btMh andMs.
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