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Abstract

Recent advances in silicdrased process technologies have enabled to buitddstand
fully-integrated singkehip millimeterwave systems with a competitive, sometimes even

better, performanceith respect tdll-V counterparts. As a result of these developments

and the increasing demand for the applications in the millinvedge frequency range,

there isa growingresearch interest in the field of the design enplementatiorof the
millimeter-wave systems ithe recent years. In this thesis, we present two scigfeD-

band frontend receiversfor passive imaging systems and a sirahie@ W-band
frequency extension module for MNASe whic
BiCMOS technology, SG13G&aturngHBTs with"QI'Q  of 300GHz/500GHz.

First, the designgmplementations, and measurement results of thebkgiks of the
radiometers, which are SPDT switch, lowise amplifier (LNA), and power detector, are
presented. Then, the implementateord experimental test results of théal power and
Dicke radiometers are demonstrated. The total power radioimetarnoise equivalent
temperature difference (NETD) ofldK, assuming an externahlibration techniqudn
addition, the dependence of the NETD of the total power radiometer upon the gain
fluctuation is demonstrated. The NETD of the total power radiometer is 1.3K assuming a
gainfluctuation of %0.1.The frontend receiver of the total power radiometer qoes

an area of 1.3 mfn The Dicke radiometer achieves an NETD of 0.13K, for a Dicke
switching of 10 kHz, and its total chip area is about 1.72mFhe quiescent power
consumptions of théotal power and Dicke radiometers are 28.5 mW and 33.8 mW,
respectiely. Theimplemented radiometers show the lowWs&TD in the literature and

the Dicke switching concept is employed for the first time beyond 100 GHz.

Second, we present the design methodologies, implemantation methods, and results of
the subblocks of thefrequency extension module, such as deenversion mixer,
frequency quadrupler, buffer amplifier, Wilkinson power divider, and-dirattional
coupler. Later, the implemantation, characterization and experimental test results of the
singlechip frequeng extension module are demonstrated. The frequency extension
module has a dynamic range of about 110 dB, mdFaresolution bandwidth of 10 Hz,

with an output power which varies betwedn25 dBm and0.3 dBm over the \Whand.

It has an input referreddB compression point of about 1.9 dBm. The directivity of the
frequency extension module is better than 10 dB along the entiband and its
maximum value is approximately 23 dB at around 75.5 GHz. Finally, the measured s
parameters of a Wand horrantema, which are performed by either the designed
frequency extension module and a commercial one, are comparsdatudy is the first
demonstration of a msgle-chip frequency extension module in a silidoesed
semiconductor technology.
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1. Introduction

1.1. Millimeter -wave Monolithic Integrated Circuits

In these dayghere is asteadily increasing interest the millimeterwave spectrum that
refers to the frequency range of 30 GHz to 300 GHanks to the recent advances in
silicon-based semiconductor technologigk The millimeterwavefrequencybandhas
significant features that makteconvenient and attractive for many applicatisnsh as
multi-Gb/s wireles communicatios [2], automotive RADAR [3], passive imaging
systemg4], andsensorg5]. Operating inthe millimeterwavespectrum promises larger
bandwidth smaller sizeand better resoluticthan themicrowave frequencies (300 MHz

i 30 GHz).However the millimeterwave systems suffer from having limited range due
to the very high frespace pathosses

Figure 1 shows the lowatmosphericattenuation windows in the millimetgrave
spectrum (35, 77, 94, 140, 220 GHz), and the atmospheric attenuation levels for various
weather conditionsThe widestwindow after 60 GHz is between 75 and 110 GHz, and
this frequency band i&nown asW-band. This broad low-atmaspheric attenuation
window makes Wband suitabldor many differentapplications, includingither short

range and longangeautomotive RADARY6], passive imaging systenig], andpoint
to-pointwirelesdinks [8]. Another lowatmospheric attenuation windamhich is around

the center of the band (116170 GHz)makes this frequency baagplicativefor several
applications, iparticular radiometer$9], high-speed wireless communicatidd$], and

radar sensorfd 1].

The integratiorcapabiity of SiGe heterojunction bipolar transistor (HBT) technology
with complementary metadxide-semiconductor (CMOS) process has enabled to build
the RF frontend and baseband circuits together on a sidlgiie and his concept is
named as systewwn-a-chip (SC). In the recent literatureéhere areseveralstudies that
present fullyintegrated millimetewvave systemsFor instance Figure 2 shows the
millimeter-wave SoCs:a 120GHz SiGe BICMOS distance senddf] and a #3-152

GHz radar transceiver withuilt-in calibration[14].

1
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One of theprimary applications irthe millimeter-wave spectrum is the imaging of the
observing targetsDetection and processing of electromagnetic waweske the
observation ofin object or a scermossible andllow to build imaging systems in this
way. Themicrowave or millimetewaveimaging systems cdre groupednto two main
categories, active imaging systems (RADARsS) angassive imaging systems
(radiometers) Active imaging systems are capald¢ acquiring information on the
distancespeedanddirection of the targdtl5].

An active imaging systemadiateslectromagnetic signatgeneratedy thesignalsource
of itself and measuring either the reflected and scattered electromagnetic waves from the
sceneTherefore, they requiréhe signal sources and transmitter channels in addition to

receiver partsand that would result in high implementing and operating costs.

On the other handhe passive imaging systemms oper ati ng principle
andprocessing of already existing el ectr om:
black-body radiation law[16], all objects spontaneously and conbtusly radiates
electromagnetic waves proportional to their physical temperdtuadition to black

body radiation, the targeted object might reflect electromagnetic waves arising due to
other electromagnetic sources in the background of the targejesct. The power of the

emitted and reflected electromagnetic waves is contingent upghys&altemperature

and the emissivity constant of tbbject These dependencies, especially the relationship
between the power of the emitted electromagneticewand thehysicaltemperature

can be processed to create an image of the targeted object anfiLgtefkhough the

passive imaging systems do not require to transmit electromagnetic waves to the targeted
object or scene, theyeeda highgain and lownoise receivers to detect the weak levels

of the emitted electromagnetic waves by the objects.

The millimete-wave imaging systems are mainly used to detect the threat materials such
as concealed weapons and explosivdthough the active imaging systems promise
higher scan speeathdoperationndependenof theambient temperature, the detection of
hidden objects is much more difficult thawith the passive imaging systen{i8].
Becausdhe specular reflections might occur due to the structures of the fabric surfaces
of the clothes and this would reduce the quality of the imdgmsthis reason, passive
imaging methodsincluding radiometers and infrared detectdrased on blackody

radiaton are preferred instead of active illumination technig€s. The operating



frequencesof the nfrareddetectorextend fronfew tens of THZo the edge of the visible
spectrum (430 THz)Such highfrequency signalsan only pass through thin clothes
theinfrared detectors are not capabléhoroughy detect the hidden thred®0]. Figure

3 shows the passive millimetgrave andnfraredimages of a concealed weapés. can

be seen from thiggure, the passive millimetervave systems (radiometers) are better than

theinfrared detectors in the detection of thddenobjects[21].

PMMW Image

40X 40 pixels.

Concealed
Metal

Figure 3 Passive millimetewave (PMMW) and infrared (IF) images of a conce

weapon21].

1.2. Characterizations of Millimeter -wave Monolithic Integrated Circuits

Scattering parameters (&parametensare very usefulin the characterization dhe
smaltsignal behaviors dheRF, microwave and millimetewave electronic circuitd.he
network analyzers are widely used to measure-frerameters of the active and passive
circuits. The network analyzersan be groupedunder two mairtitles: scalar network
analyzer (SNA) and vector network analyzer (VNA)khough SNAs cameasurenly
the amplitudeproperties of the signals, VNAs are capabie@lso measuringhe phase
relationships between the incident, reflected and transmitted sigredisliton to their



amplitudequalities For this reason, VNAs are preferrexdcharacterize the smadignal
properties of electronic networks fully

Three market leaders apperatingn the field of VNA manufacturingAnritsu, Keysight,

and Rohde&SchwarZl'he base units of thresenstateof-the-art VNAs on the market
operate from hundreds of Hz up to 70 GHz without using any frequency extension module
(Anritsu MS4640B VectorStaR2], Keysight N524B PNA-X [23], Rohde&Schwarz
ZVAG67 [24]). Figure 4 shows the Keysight N5247B PNA Microwave Network
Analyzerwhichis operating across the frequency range of 900 Hz to 67 Bélzever,

they canbe configuredwith frequency extension modules for measurements beyond 70
GHz. The frequency range of a VNA is determined primarily by the lowerugmer
frequencyedges oits reflectometeparts The increasing demand for millimeterave
systems has led tsignificant researchefforts in the domainof low-cost and high
performance millimetewave reflectometerdJiker and Weikle presented a-and six

port reflectometer based on the samglagismission line implemented llye WR-10
rectangular waveguide and configurated with three GaAs Schottky dmdeduce the
complexity of the frequency extension modul2§]. After that Roberts and Noujeim
demonstrated a tethereeband (6890 GHz) GaAseflectometer based on the nonlinear
transmissiodine (NLTL) techology to build frequency extension modules in smaller
sizes[27]. Finally, a W-band singlechip reflectometer implemented in SiGe BiCMOS
technology wassuccesfully presented [28]. Also, a fully-integratedVNA that can
operate from 50 GHz to 100 Ghwas implementeth SiGe BiCMOS technologf29].
Despite these efforts to extend the frequency rarageb reduce the sizes of the
reflectometers,hte technicaltrend isto employ the frequency extender modulekich
consists of reflectonters and frequency multiplication chains,expand the frequency
range of the VNAs, as discusseddetail in Section3.1 Figure5 showsthe Anritsu
MS4640B VectorStar VNA whose the operating frequency is extended to 145 GHz by
the frequency extension modules which have 0.8tpaxial outputs.The waveguide
basedrequeny extension modules have to be employed beyond 145 GHz since there are
no coaxial standardsVohlgemuthet al.proposed aimventivesolution to the frequency
limitations and expensive and cumbersome structures efalieguidebasedrequency
extension mdules, and they successfully demonstrated an active probe that cohaists
GaAs singlechip frequency extension module for-aafer s-parametemeasurements
[30].



Figure 4 Keysight N5247B PNAX Microwave Network Analyzer, 900 Hz to 67 G
[23].
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Figure 5 Anritsu VectorStar ME7838A MillimeteWave System, 70 kHz to 125 G
[25].



1.3. SiGe BICMOS Technology

Recent developments and ongoing advanc&sGie BICMOStechnologies have made it
possible to produce low cost, fully integragdglechip millimeter-wave systemsvith

a competitive sometimes even bettgrerformance compared to-M counterpartsin
addition toits superior highfrequency performancéje integration capability of the RF
front-end and baseband circuits @nsinglechip makesthe SiGe HBT BIiCMOS
technology moreonvenientand costeffective solution for millimetewave SoCs than
the 1ll-V counterparts.Table 1summarizes the respective performances of various

semiconductor technologies for RF integrated circuits.

Ge has a smaller bandgap of 0.66 eV than that of Si (1.12Té&\4).technology uses
bandgap engineering to form the base region of the trandBstdhis way, thebaseof

the transistor is formed by the SiGe compound, resultiggimerelectron injection and
thus higher current gaifn §. Moreover theminority carriersare acceleratedcross the
base region thanks to tspeeded diffusive transport of minority carrjesd this results

in the reduced base transit time )([31]. In addition, the parasitic capacitances and
resistances are redettbythehelp d thesmaller structure which is vertically and laterally
scaledThere are mainly two figussf merit to evaluate the higinequency performances
of the semiconductor technologiethe unity current gain cwdff frequency('Q) and
maximum oscillation frequency¥ ). The unity current gain of a transistor is typically
found by the smalsignal current gain for the sharircuited output, andQ is the
frequency at where thmurrentgain is equal to unityThe"Q of aBJT can be found using
equation(1), wheret is the base transit timé, is the collector transit timéQa is the
transconductancef the transistor) ando are parasitic capacitances, an@éndi are
parasitic resistance¥he other important performance metric of a transidibr, which

is the frequency where the power gain is equal tg isrggven by equatio(®). As can be
seen from the equations, tf@and™Q can be i mproved using

advantages which are mentioned above.

o 2+ + L o5 i s 1)
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I n this thesis st

HBTs with " IQ 76 w

udy,

t he

|l HP 6 s 0.13em Si

of 300GHz/500GHz/1.6\{32]. The allaluminum BEOL

comprisefive thin metallization layers (MM5) and two thick layers (TMZM1) for

high-quality onchip inductor and transmission line designs. The BEOL also d¥fivs

capacitorand three types of polysilicon resistors. The detailed«sossc t i on o f
SiGe BICMOS process (SG13G2) is depictefigure6.

Table 1 Respective

péormance

summaries of Various

Technologies for Radio Frequency Integrated Cird@it$.

(Excellent: TT; Very Good: T; Good: 0; Fair: }: Poor: 1 1)

Semiconductor

Performance SiGe SiGe Si CMOS III-v In-v III-v
iCI
Metric HBT BJT MESFET | HBT HEMT
Frequency 7 0 0 7 M o
Response
1/f and Phase Noise ™ T 1 1l 0 11
Broadband Noise T 0 0 T T ™
Linearity T T T T T T
Output
Conductance ™ T l ! ™ 1
:fl'ElIlSCOIld‘LlCtallCE M 1 1l ! o, !
/area
Power Dissipation ™ T ! ! T 0
CMOS Integration T T N/A 1l 11 1
IC Cost 0 0 T ! ! 1l

1.4. Motivation

As mentioned in the previous sectioogportunitiesn themillimeter-wavespectrunand

the latestdevelopments in SiGe BICMOS technology have led to significant research

efforts and increased interestiaw-costandsinglechip millimeterwave systems.

Oneof the objectives of this thesis isdesignand implemena fully-integrated Dband

front-end receivebased on Dicke radiometer architecture for passive imaging systems

The temperature resolution of a Dicke radiometermainly determinedby the

performances of itsubblocks which are power detectdiNA, and SPDT switchln

order todevelop a statef-the-art Dicke radiometer, the traadéfs and bottlenecks that

limit the performances

of the

sidbocks

will  be

analyzed and

t

he



Figure 6 A detailedcross ect i on of the | HP6s 0. 13

investigated And beyond thatpew approaches and existing solutions will be utilized to

find the optimum design points for the traofés and to break thieottlenecks.

Another aim of thisvork is to present thelesign, implementatigmnd characterization
of a singlechip W-band frequency extension module for VNA® make the
characterizationef the millimeterwave integrated circuits easier and legstly. Within

this scopethe required sublocksthat are capablef performingthe operations of the
frequency extension modules wik designedand they will bemplemented on a single

chip to build a fullyintegrated Whand frequency extension modul
1.5. Organization
This thesis consists of four chapters thia organizeds follows.

Chapter 2 begins with the basics of passive imaging systems, including theoretical
calculations and radiometer architectures. Then, design approaches, implementdtions an

9



simulation and measurement results of thelslobks such as power detectbNA, and
SPDT switchare presentedrinally, theimplementationof the total power and Dicke
radiometers, the measurement results of these implemented radiometers, and the

compaison with similar studieareshown

Chapter 3 begins with the basics of thpasameter measurements using frequency
extension modules. Then, design approaches, implementations and simulation and
measurement results of t Hélocksrsirlyaséhe@down e xt e
converter mixer, frequencguadrupler amplifier, Wilkinson power divider and dual
directional couplerare presentedFinally, the implementation of the singtaip

frequency extension module for vector network analyzers andotm@arison of the

measurement results wilcommercial frequency extension modate presented

Chapter 4 concludes the thesis with the summary of work and some additional discussions
on the suggested solutions to solve existing problems and providemation on

possible future studies to improve the work.

10



2. D-Band Total Power and Dcke Radiometers

This section begins with thiindamentaloperatingprinciplesand the basic receiver
architectures, also their theoretical sensitivity calculatiaisthe passive imaging
systemsThen the designs, implementations, and measurement results of théosib
of the passive imaging systerase presentedhlso, the comparisamiof each sukblock
with the previously reported studies asemmarizedAfter that, the experimental results
of the implemented radiometeere demonstratedFinally, the comparison of the

implemented radiometers with the studies in the literattggresented
2.1. Fundamentals of Passive Imaging Systems
2.1.1 Detection Principles

Essentially, radiometers (or passive imaging systemd)eaonsidereds highsensitive

receivers that are used to detect the electromagnetic radiation emitted by the objects which
have a physical t emper at urbadyradiabo law[ib], ng t o
all objects spontaneously and continuously emit electromagnetic waves proportional to

their physical temperature. The spectral brigeth of a black body is described by

Pl an c k édbady rbdiation law, as presented in equat®n whered is the black

body spectral brightnes®Qx Jdi J0x ), f i s the frequency (
constantofpdp o pmm 0Jd, k i s Bolt zmp@&pmdss Oe,dimssheant o
physical temperature (K), and c is the speed of liglat ofp Tta 7i . Figure7 shows the

spectral radiation of objects at different physical temperatures.

()]
R P &)
a
In the millimeterwave frequency domain 830300 GHz) and bel ow, P

body radiation equation cdre approximatedo equation(4), which is also known as
Raylei-J eans6s approxi mati on, us iR YTpa8y | or |
As can be seen from equatiff), the Rayleigh) eans 6 appr oxlineaat i on
relationship between the spectral brightness and the physical temperature. This linear
relationship is valid with a less than 3% error for the frequencies below 300 GHz. Thence,

it is very useful to use the Rayleighe ans 6 s ap pr o xthema@dumt ofthet o an
electromagnetic power emitted by an object, and to calculate the amount of the power

collected by the antenna in a passive imaging sygtegare8 shows the comparison of

11



t he Pl anbodydasiatibnllasv @rid the Rayleighe ans 6s approxi mat.i
can be seen from the figure, tbhodgradiatiomcr e p a
law and the Rayleigi e an 6 s a p psrdecreasimg with ¢tha increase of the
frequencyas expected.
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Figure 7 Spectral radiation of objects at different physical temperaf883s
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Figure 9 demonstrates a basitetectionoperation of a passive imaging receiver. The
front-end circuit of the passive imaging receiver is fed by an antenna tdmsalradiation
pattern symbolized b§ —F%o. The total area of the observation scene is determined by
the half power beam width (HPBW) of the antenna. The power aéldaromagnetic
radiation picked up by the antenna is proportional to the sum of the electromagnetic
radiation emitted by the scene’{, and the reflected electromagnetic radiation from the
scene (Y ) which arises due to the hot objects at the bamkyd. The electromagnetic
signal picked up by the antenna is amplified by a{ggim LNA, and then converted to
DC-voltage information by a power detector. The-Bignal generated by the freahd

circuit of the passive imaging system can be transféoréte digital domainyan ADC

to create an image of the observation scene, after the baseband process.

PASSIVE
IMAGING
RECEIVER

RADIATION
PATTERN

A%, @)

K

TBG

TERRAIN

Figure 9 Demonstration of the basic detection operation of a radiometer.
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The procedure described[Bb] was followed to calculate the amount of the power picked

up by the antenna. Assuming that the brightness is same across the hemisphere and the
incident radiation is same over the surface and ignoring the free space path loss between
the target scene aniet antenna, the received power () can be expressed by equation

(5) whered is the blackbody spectral brightnes®3s the frequencyy is the effective

area of the antenné, —%o is the radiation pattern of the anterj@].

0 ga 60 FH6Q QQ (5)
The brightness temperatui®’{ is equal to the mufilication ofthe physical temperature
("Y of the object by its emissivity(} which is the measure of the radiating capability of
an object compared to a blabkdy (Y 'Q"YThe emissivity value<) of the common
objects are briefly presented Trable 2 In addition to the brightness temperaturé)(
the other source that should be taken into account is the electromagnetic raf¥atipon (
which is reflected by the target object, of the other hot objects at the background. This
electromagnetic radiation is equal to the multiplication of thesichl tenperatureof the
hot objects at the background, which is named as illuminator after now, by the reflectivity
(n) of the target objectY QY . The reflectivity value of an object is equal
top 'QAs aresult, the total brightness temperatiiye () of the target object is equal

to the sum of these two temperatures, and it can be expressed by e@)ation

Y YUY QYYRY (6)
Table 2 Theeffectiveemissivity values of various materid&o].
Effective Emissivity
Surface 44 GHz 94 GHz 140 GHz
Bare metal 0.01 0.04 0.06
Painted metal 0.03 0.10 0.12
Painted metal under carvas 0.18 0.24 0.30
Painted metal under camouflage 0.22 0.39 0.46
Dry gravel 0.88 0.92 0.96
Dry asphalt 0.89 0.91 0.94
Dry concrete 0.86 0.91 0.95
Smooth Water 0.47 0.59 0.66
Rough or hard-packed dirt 1.00 1.00 1.00

14



Assuming a bandwidth of 40 GHz at 140 GHz center frequency, an effective emissivity
of 0.5, a 1 mrheffectiveantenna area with an isotropic pattern, a target scene temperature
of 290K, and 5 cm distance between the target and the antkarsamnount of the power
picked up by the antenna is calculated tod#& ¢ ¢ Yo ™ ®, which equals to
approximately119 dBm.Even if a horn antenna with a gain of 23 dBi is used, the input
power of the receiver would be no more th@ dBm. For this reason, a specially
designed receiver with low noise and high gain is required to amplify the signal picked

up by the antenna.
2.1.2Radiometer Architectures and TheoreticalSenstivity Calculations

Total power radiometer and Dicke radiometer topologies are two most common
architectures that used inilimeter-wave passive imaging systems. These two
radiometer topologies carebmplementedn either two different types of the receiver
architectures: direct detection architecture and superheterodyne architecture. In the direct
detection receiver architecture, whistshowrin Figurel0andFigurellfor total power
radiometer and Dicke radiometer topologies, respectively, the detection of the power of
the signal is performed at the RF frequencies without performing any-comversion
operation. On the contrary, in the superheterodyne receiver architecture, sveicdwin

in Figure12 andFigure 13 for total power radiometer and Dicke radiometer topologies,
respectively, the detection of the power of the signal is performed at the IF frequencies
after the dowrconversion operatiorilthough the total power radiometer and Dicke
radiometer topologies are very similar to each other, there is a significant difference that
is emergedbecause of the singlgole-doublethrow (SPDT) switch whichsi placed

between the antenna and thHeA. .

Antenna
f OUTPUT
Low Power Integrator
Noise Detector
Amplifier

Figure 10 Block schematic of a total power radiometer configured as a direct de

receiver.
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Antenna
RF Analog
SPDI §PDT OUTPUT
'.’ A O
Reer Veort Power
Low Detector " b Integrator

Noise
Amplifier

Figure 11 Block schematic of &icke radiometer configured as a direct dete«

receiver.

As shownin Figure 12 and Figure 13 a superheterodyneeceiver architecture down
converts the RF signal to an IF. Before the daenversion, thaignalis amplified by

an LNA since the amplitude of the signal picked up by the antenna is very lowdoWme
convertedsignal is then amplified again by an IF @lifier. The amplification of an IF
signalis mucheasierand useful than the RF frequencies since the performances of the
active devices, such as noise, power lineasty] gain, are much better in the lower
frequenciesHowever, adding a mixer and a local oscillator (LO) increases the power
consumption, the chip area, and the level of the complexity. In addition to these
drawbacks, the superheterodyne receiver architecture suffers from an unstable operation
problemdug o t he | ocal oscill atordos dependence
and the frequency of the LO sigrakvarying with thetemperatureand it would result

in anerrorof the detection of the power level picked up by the antenna. These stability
issues couldbe solvedby thermal control circuits and phaleekedloop (PLL)
techniques, but the power consumption, the chip amdthe complexity level would

surge.

Antenna

s
1=

Down-Conversion
Mixer

¥ J' _gTPUT

Low Power Integrator
Noise IF Detector
Amplifier Amplifier
Local
Oscillator

Figure 12 Block schematic of a total power radiometer cgumfed as a superheterod

receiver.
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Am plifier
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Oscillator

Figure 13 Block schematic of @icke radiometerconfigured as a superheterod

receiver.

On the contrary to the superheterodyne receiver architecture, the direct detection receiver
architecture does not include a mixer and local oscillator so that it does not require the
associated circuitries such as temperature control circuits and PLLrketwbence, the

power consumption, the chip area and the level of the complexity are significantly
reduced. In the direct detection of radiometer architecture, the power detector operates at
the directly RF frequencies instead of IF frequencies. Theraf@aignal should be very
amplified before the power detector, and so that the main challenge here is to design a
high-gainLNA. Furthermore, the direct detection radiometer architectures promise wider
bandwidth than the superheterodyne radiometer aathies since the available
bandwidth is not limited by the dowsonversion operation and the IF amplifier. Thus,

they promise better temperature resolution than the superheterodyne radiometers.

With this comparison in mind, the direct detection recearehitecture was found to be
very useful compared to the superheterodyne receiver architecture for the passive imaging
systems. Therefore, it was decided to build total power radiometer and Dicke radiometer

systems in the direct detection receiver confgjon.
2.1.2.1 Total Power Radiometer

Figurel0shows the detailed block diagram of thieectdetectiortotal power radiometer
architecture. A LNA amplifies the signal picked by the antenna since the amplitude of
the received signal isevy low, around100 dBm as analyzed in Sectioid.2. After that,

a power detector, which is operating in the sql@aneregion, produces an output voltage
proportional to the power of the signélsing an integratorthis DC output signal is
averaged ovethe entire periodt), which is called the bae&nd integration time, to

minimize the impact of the system noise on the signal as much as possible. The integrated
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output signal can be converted to digital form using an ADC and adatasition and

then processed by a computer or a specific digital signal processor (DSP). This radiometer
channel can be considered as a single pixel element, anddin@nsional (2D) images

can be created either by implementing a 2D radiometer array, by using a maichanic
scanner that enable to scan both in th@xd Y- direction, or by using a hybrid solution

of them.

Passive imaging systemare characterizedy their noise equivalent temperature
difference { 'O "Y(also known as radiometric resolution or therneablution. Besides,

in the literature, there are also a few studies that call it as noise equivalent delta
temperature (( ‘@Y. The noise equivalent temperature difference, or the thermal
resolution, can be defined as the minimum change in the brightexeperature of the

target capable of generating a detectable voltage change at the output of the radiometer.

The noise equivalent temperature difference of a total power radiometebecan
approximately expressday equation7) [36], where "Yis the overalsystem equivalent
noise temperatur@) is the effective RF noise bandwidth of the radiometds, the
backend integration timez-Ois the rms gaitfluctuation of theLNA, and"Ois the gain
of theLNA.

o 30

0 0"YO"Y % e ()
As can be seen from the equation, one of the limiting factors of the thermal resolution is
the overall system equivalent noise temperatly} (vhich is equal to the suwf the
antenna noise temperatureY) and the equivalent noigemperature of the frorgnd
receiver (Y ). The equivalent noise temperature of the fiemd receiver can be
calculated usingquation(8), whee "Y is the equivalent noise temperature of the
LNA,andY isthe equivalent noise temperature of the power detector. The equivalent
noise temperature of the power detector can be calculated by ed@a{®#. Herewith,
the equivalent noise temperature of the #remdl receiver can be reduced by enhancing
the gain of th&.NA, reducing the noise equivalent powé&r@ ) of the power detector,

and enhancing the effective bandwidth of ltivA .

vy
YooY B 8
) (8)
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9
Similarly, the equivalent noise temperature of the fiemd receiver can be directly found
by equation(10), using the noise equivalent power @ ) of the overall fronend
receiver circuit that consists of th&lA and the power detector.

0 '@

o~ L2
Q0

(10

Another important factor that dictates the thermal resolution is the effective RF noise
bandwidth of the radiometer which can be calculated using the gain bNthg'O )
by equation(11) [36]. In addition, the backnd integration timet{, which is typically
30ms for the passive imaging systems, has a significant effect ONBRWE of the
radiometer.

0O "QQ"Q

5 = (1
0 QQQ

As can be seen from equati@f), thegain fluctuations term might be tdeminantterm,

and so that degrades the noise equivalent temperature difference performance
significantly. The gain fluctuations in the system arise because of the 1/f flicker noises of
the active devices. Thence, their periods are much smaller than therizhbkegration

time, and so they cannot be eliminated by the integrator. In order to alleviate these gain
fluctuations, periodic calibration techniques based on mechauaahingcan be used

[38], and in this case the noise equivalent temperature difference eq(@tiointhe
radiometer is reducetb the simple form described by equatiofi2) since the gain
fluctuationterm @"Q"Q can be neglected because it will be very small relative to the
term of (16 T). However, these type solutions are not usually preferred since they make
the passive imaging system very bulky and costly.
P

0 0O"YO"Y 7 (12

—=

2.1.2.2 Dicke Radiometer

R. Dicke proposed an ingeniosslution to evade the problems relatedthe gain

fluctuations that arise due p@ C(¥licker noises of the active devicf&9]. In this solution,
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a singlepole-doublethrow (SPDT) switch, which is called Dicke switch, is placed
between the antenna and thA as presented iRigurellthat shows the detailed block
diagram of the direetletection Dicke radiometer architecture. The output of the SPDT
switch is connected to the input of thBIA. One of the inputs of the SPDT switch is
connected to the antenna, and the other ooensected to a reference resistanée ()

which is also known as the calibration reference load. In this way, the inputldfifae

is continuously switched between the antenna and the calibration reference load with a

frequency which known as Dickavgching frequencyQ).

During one half of the Dicke switching period which is called the observation period, the
signal picked by the antenrsatransmittedo the input of th&.NA. During the other half

of the Dicke switching period which is callelet calibration period, the noise power
generated by the calibration reference impedalce | is transmitted to the input of the
LNA. On the other hand, in the observation period, the DC signal produced by the power
detector is directed to the posgiypath of the operational amplifier based subtractor
circuit by the analog SPDT switch. On the contrary, in the calibration period, the DC
signal produced by the power detector is directed to the negative path of the operational
amplifier based subtractaircuit by the analog SPDT. And then, the difference of the
signals obtained in the observation and calibration periods is taken by integrating the
signal at the output of the operational amplifier based subtractor circuit by the integrator
circuit. As a esult, the noise equivalent temperature difference of a Dicke radiometer can
be approximately expressed by equaiip®) [40], where Y is the equivalent

noise temperature of the freahd receiver;Y is the calibration reference load, and

0 is the effective RF noise bandwidth of the Dicke radiometer.
0 O
CY Y CY Y 30 . . (13
0 T O

It is important to highlight herthat theDicke switching frequency should be set much
higher than thep Qflicker corner frequency of the fromind receiver to effectively
employ the solution. Because, as mentioned before, thdlgeinations occur due to the
pX flicker noise sourceof the frontend receiver. If the Dicke switching period is set to
be much smaller than the periods of the ghintuations of the receiver, the gain will

remain approximately the sam@ both of the observation and calibration periods. In
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essence, byhe Dicke switching technique, the output spectrum of the radiometer is
shifted from DC to the Dicke switching frequenc®). Therefore, the output signal of

the radiometer, which is a differem of thesignals obtained in the observation and
calibration periods, will be not affected by the gdinctuations of the fronend receiver

if the physical noise temperature of the calibration reference 1o6ad)(is equal to the
antenna noise temperatuf¥), as presented in equati@) where"Y is the overall
system equivalent noise temperature which is equal to the sum of the antenna noise
temperatee ("Y) and the equivalent noiseemperature of the frorend receiver

Y ). As can be seen from the comparison of the NETD equations of the total
power(7) and Dicke adiometerg14), the temperature resolution of the Dicke radiometer

is twice that of the total power radiometer since the effective observation tioeeseto

its half (%50 duty cycle). In spite of this penalty factor of 2 in the Dicke radiometer, the
improvement in the NETD performance is very much better than that of the total power
radiometer since it is more thaompensatelly eliminating the gasfluctuation term.

0o 'Y (19

5 T
The equivalent noise temperature of the fremd receiver of a Dicke radiometer can be
calculated using equatidd5), where"Y is the equivalent noise temperature of the
SPDT switch;O s the gain of the SPDT switch, aitdl and is the gin of theLNA
y y Y Y 1
O ‘0O O (19

Furthermore, the equivalent noise temperature of the-&omtreceiver of a Dicke

radiometer can be directly found by equat(@6), using the noise equivalent power
(K] ) of the overall froniend receiver circuit that consists of the SPDT switch,
LNA, and the power detector.
Y j)cm: (16)
Qo
The effective RF noise bandwidth of a Dicke radiometer can be calculated by equation

(17) using the praletector gain'© ).
O "QQQ

5 - 17
. O "QQQ
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Finally, the integrated daput signal can be converted to digital form using an ADC and
dataacquisitionand then processed by a computer or a specific digital signal processor
(DSP). As mentioned for the total power radiometer in Section 2.1.2.1, this radiometer
channelis consideedas a single pixel element, and a tdimensional (2D) images can

be createdby using theaforementioned techniques
2.2. Power Detector
2.2.1 Circuit Design andimplementation

The NETD of a radiometer is determined mainly by N&P performance of the power
detector. That is why starting with the design of the power detector to build a radiometer
can be considered as a good starting point. The power detector produces an output voltage
proportional to the input power. The relationsbgiween the input power and the output
voltage should be as linear as possitiedetect the power difference at the input

accurately Therefore, the power detector should be operated in the dquaregion.

The circuit schematic of the designed powetector is shown ifigure14. A cascode

like configuration was utilized for the first time beyond 100 GHz to perform power
detection operation, ants NEP performance was analyzed for the first time for SiGe
HBT technology. Th&E transistor (Q1) produces a secesrder DC current response

to the input power. The first order response is eliminated by the shunt capacitor of 340 fF
placed between thHeE (Q1) andCB (Q2) transistors. Moreover, since this shunt capacitor
acts almost perfect AC grounding path for operating frequency range, the input
impedance of th€E transistor is isolated from the rest of the circuit. Tietransistor

(Q2) can be considered as a unity gain current buffer. Although the output noise voltage
is slightly increased by th@B transistor (Q2), it makes easier for fBE transistor (Q1)

to remain in thdorward activeregime since th€B transistor(Q2) keeps the collector
voltage of theCE (Q1) transistor as constant as possible. This improvement is presented
in Figurel5usingthesameloadres st or (100 kY) and same bia
be seen from the figure, although BE transistor (Q1) starts to operate in the saturation
region for input powers larger tha24 dBm when operating stafadbne, it is kept staying

in the forwardactive region when configured with tkB transistor (Q2). In addition, it

has been shown thaBaGe HBT biased with a forced emitter current can haatlector

emitter breakdown voltagdBVceo) that is twice as high as its nominal valj4e].

Thence, the supply voltage-¥of the power detector can be set to higher voltage values,
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and it makes possible use of larger load resistor which results with larger responsivity and

better NEP performance as will be explained later in this section.

VCC
Vcas 5.4 pF ;'100 KO
100 Q — DC-
‘_" K;.( 9 T-gn ouT
1.2 pF Q2
RFn 80Q 43° 80Q 26° 340 fF
X2
200 fF
» Unit
Emitter Size
0.07 x 0.90 ym?
—
»VCC=8.5V
700 fF ; 500  VCAS =236V
L - VBB =0.76 V
40 pF \TE;

Figure 14 Circuit schematic of the dband power detector (Electrical lengths of

transmission lines are given for 140 GHz).

In the cascode topology, the collector current of the whole circuit is determined by the
CE transistor (Q1) since the current gain of OB transistor is equal to one. Thus,
assuming that the input signal at the base ofCiBé¢ransistor is a sinusoidalave with

an amplitude oWi,, anda frequency of, the collector currentid) can be expressed by
equation(18) neglecting early voltage effect; whdges the saturation currenge is the
baseemitterbias voltage of th€E transistor (Q1), an¥r is the thermal voltage which
equals tkT/q It should be noted that equatiiB) is valid for a transistor operating in

theforward-active region.
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If the quiescent current term@Q 7~

multiplication of the remaining expression with the load resisRbap) gives the

0 0 (18

is subtracted from equatio(il8), the

generated output voltage response to the input signal. Thence the output voltage response

to the input signal is expressed by equatid® wherelcq is the quiescent collector

current. Expanding equati¢h9)i nt o Tayl or és series and

terms, the output voltage responSgufresponsy can be approximated by equati@bd).

W

As can be seen from equati¢®0), it includes DC, fundamental and second harmonic

@ 0 Q p Y 19
WATO QO o wAl O Qo
e O - p ;

: Y (20
W TW TW

gn

components. The fundamental and second harmonic components can be easily removed
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using a shuntapacitor at the output of tHeE transistor, a employed inFigure 14.
Therefore, the DC voltage responseog¥sponsaic) t0 the input signal can be
approximately expressed by equati¢dl). The DC output voltage response is

proportional to the square of the input voltage of the transistor.aldopointswhy the

power detection opelawaoparatom .i s call ed as MfAsc
0 e 0 —/— Y (21)
TW

Rewriting equatiorf21) in terms of the available powom sourcg0 ), the impedance

of the sourced)) and the input impedance (), the voltage response at the outpst.{
responsadc) tO the input signal can be expressed by equ#&#idn The validity of equation

(22) is demonstrated by comparisontbé calculated and siaolated reslt, as shown in
Figure 16. The slight difference between the calculated and simulated curves can be

attributed to the noidealities of theV characteristics of the transistors.

5 € T~ (I)

w YQo

& e 0 , W y (22
TW

The responsivity of power detector, which defined as the change in dc output voltage per
unit input power, is one of the most crucial performance metriaaflometer systems.

The responsivityf () can be calculated by dividing equati@®) by the available source
power 0 ), as presented in equati(28) where is a function of the input impedance

(& ) and the impedance of the signal souf@® ( @ YQO S Fd w S). As
indicated in equatio23), the responsivityf ) of power detector is proportional to the
quiescenturrent (cq) and the loadesistor R.oap) of the power detector, and inversely
proportional to the square of its operating temperature. It is quite worth to say here that
the analysis for the responsivity presented above is valid under the condition that the input
power is small eough to guarantee that the transistors are operating in the feawatare

region.

i i e 0 W Wy =Y 23)
U TW w
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Figure 16 Output voltage response to the available source power.

TheNEP (in & 7Qx 7 ) of a power detector, which is defined as the ratio of the output
noise voltage spectral densit () (in wI'Qx 7 ) to the responsivity () asindicated in
equation(24), is considered as the obvious figiaemerit of the power detectors in the

passive imaging systems.

v Y
UOUT—

(24)

The NEP points out the minimum input power that can be detected. In other words, the
NEP defines the required minimum input power to obtain a unity sigaabise ratio at

the output of the power detector. In order to findthe expression of ti¢éEP of a power
detector, we first need to figure out the output noise power spectral denstey'Q of

the power detector. There are four major noise sources at low frequencies in a SiGe HBT:
the flicker noise g7'Q, the themal noise of the parasitic base resistanee §, the base

shot noise™Q ), and the collector shot nois€(). The flicker noise (opF'oise)can be

ignored since the circuit will be modulated at the Dicke switching frequerficlkH)
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which is far above thp¥ Qcorner frequency illustrated Figure17 that shows the low
frequency output noise voltage spectral density of the dekigiveuit. The low
frequency smadsignal equivalent circuit of the cascodenfiguration basedpower
detector including the major noise sources is showfigure 18. It should not be
forgotten here that theaseemitter and collector output resistandes @ndi ) represent

real parts of impedances without having thermal noise. Thedragter, cdlector-base,
collectoremitter, and collectesubstrate capacitances can be ignored because they
behave as open circuits in the frequency of inter@dtKl). The total output noise power
spectral densityd§ ¥3Q was derived by consideringigure 18. The superposition
theorem was applied to calculate the total output noise power spectral dendisyQ

since the correlation between fresented noise sources can be ignored in the frequency
domain of interest. The output noise power spectral density terms due to each noise source

were derived, as presented in equati@%%32), wherek is the Boltzmann constan©
andO are quiescent currents. The total output noise pepectral densitydg 73°Q) is
equal tothe sum of all these terms. When the parameterheaesetterms argoughly
evaluated, it is clear that the collector shot noise oCtagansistor Q ) and the thermal
noise of the load resistay () are dominant. Thus, the total output noise power spectral

density (o #3"Q can be simplified to equatidB3).

: . Y s :
y T (73 v 3 2
© T30 TQTY & i Vs Y (25)
: : . gY s ‘
3 g ® e € 26
o T3'Qe 1Q1Y = i Vs &Y (26)
: , g Y
”n, o, . [3Y ] 2
) T3"Qe ¢AO v i Vs Y Y (27)
W 73'Qe ¢cNO Y (28
: . S Y s
”» g 13 . 29
0 T3 Qe 1QIY o Em Y s Y (29
: , S i Y s
”n, e, ] 30
) 73'Qe ¢nO 3 T G Y s Y (30
@ T3"Qe ¢AO P Y (31
s o BV o
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W 73'Qe 1Q°Y (32
W 3Q ¢no0'Y QY (33
As mentioned earliethe NEP (in & 7O 7 ) of a power detector is defined as the ratio
of the output noise voltage spectral densivy ) (in &'Qx 7 ) to the responsivity (). If
the square root of the total output noise power spectral densiffa{Q (33) and the

responsiviy ( ) (23) expressions are substituted into the equatich@NEP (24), then
the NEP carbe expressed by equati{8¥).
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Figure 17 Output noise voltage spectral density of the designed power di

(schematic base@sult).
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Figure 18 Low frequency smalsignal equivalent circuit of the cascode configurati
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Figure 19 NEP and responsivityf () versus load resistance/( ) (Loss due to tf
impedance mismacth between the input of the transistor and the sourceesaseatielec
(@140 GHz).
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As can be seen fro34), the NEP performance ofp@wer detector can be improvbey
increasing the load resistanc& ( ) and the quiescent currentO( . But this
improvement is limited due to two reasons. Firstly, higher quiescent ci(i@ntand

larger load resistancéy( ) will cause a significant voltage drop between the supply
voltage ( ) and the collector of th€B transistor (Q2), and it would saturate the both
transistors. Even though this problem will be able to be solved by increasing the supply
voltage (v ) to avoltage level that will not damage the transistors, a small increase of

the amplitude of the input signab() would cause a significant voltage drop again. The
second reason is that the maximum current values which can flow through high value
resistaces in semiconductor technologies are very limited. For the used semiconductor
process (I HP&éds SG13G2), the highedopedval ue
gate polysilicon, can drammaximum 0.15 mA current, for a width of 0.5.
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N | —— Noise Equivalent Power (NEP)
T
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Base-Emitter Voltage of the Common-Emitter Transistor (V)

Figure 20 NEP and responsivity () versus the basemitter voltage of th€E transisto
(Loss due to the impedance mismacth between the input of the transistor and tr
was deembedded) (@140 Ghliz
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The de@endence of the NEPerformance on the load resistancé () is shown in
Figurel9for same quiescent current ahésame quiescent voltage value atd¢biector

of the CB transistor. As expected from the equations derived for the NEP and the
responsivityl( ), theperformance of the power detector circuit increases with increasing
load resistanceY ). Figure20shows the depelence of th&NEP performance on the
quiescent currenfO while using same load resistancé () and havingthe same
quiescent wltage value at the collector of ti@&B transistor. The quiescent currei ()

was increased up to the allowed maximum current value for the used resistor material.
The tradeoffs and aforementioned limitations were carefully evaluated ahigher load
resistor Y ) was choseimstead of higher quiescent current vali@ Y to minimize

. % 0f the power detector. In order tmprove NEP, the responsivity () of the circuit
should be increased, i.e. the seconder dc response of tiE transistor (Q1) should be
enharced as possible. Therefore, the transistor size should be as small as possible, as
verified by the simulation result shownHgure21.
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Figure 21 NEP and responsivity () versus the emitter length of the transistor (Los¢

to the impedance mismacth between the input of the transistor and the sou
deembedded) (@140 GHz)
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The available power at the input of the powetector should be transmitted to the input

of the first transistor (Q1) without having losses due to the impedance mismatching to not
degrade the responsivity . Thus, the impgan® matching between the input of the
power detector and the input of thist transistor (Q1) have a significant effect on the
responsivity 1(), so also on théNEP performance of the power detector. It is very
important to have a IoWEP value across a broadband frequency range to mimize the
NETD value of the radiometelAs explained before, if the transistor size is set to
minimum value, theNEP performance is obtained. Butighreslts in narrowband
impedance matching because of the very large input impedance of the transistor.

After all these design guidelines had beemtaikto account and evaluated, the quiescent
current0) was set to 50 & AY a)wasQsed an¥thdemittel r e s |

size of the transistor was chosen to be 2x unit.

The transmission line baseetyipe matching network was usedderform the impedance
matching between the input of the power detector circuit and the input of the first
transistor (Q1). All the transmission lines were implemented as microstrip lines with Top
Metal 27 Metal 1configurationand all of them were meandered to redihexhip area.

A MIM capacitor of 200 fF was employed to perform DC blocking, as well as to
contribute to the input impedance matching slightly. Parasitic capacitance due to the RF
padwasnot included in the inputnpedance matching. Instead, a ThrodgflectLine

(TRL) de-embediing fixture was utilized to dembed the effect of Rpad and shift the
reference plane. The collector of {G& transistor (Q1) was shunted byvdM capacitor

of 340 fF to remove the fuathental signal component, and to isolate the input impedance
oftheCEt ransi stor (Q1) from the rest of the
realized bya p-dopedgate polysilicon. Fulthip electromagnetic (EM) simulations were
performed by ADSMomentum. The 3D layout view taken from the electromagnetic
simulation setup of theband power detector is shownkigure22.

An ideal bias networkhould provide a very good AC grounding for all frequencies, but

this is not practically possible. For this reason, at least, the bias line network should
provide a very good AC grounding for the frequency range of interest. A capacitor has a
selfresonane frequency (SRF) depending on its geometrical structure and its size. For
instance, th&RFof the 340 fF capacitor which was on the bhges line is 140 GHz in

the used process technology (I HPG6s SG13G2
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groundirg between 100 GHz and 180 GHz. Another bypass capacitor should be placed
on the bas#ias line to ground smaller frequencies, but if it is connected in parallel to the
first bypass capacitor, their parasitics will be addecandit would result in unexpeted

and undesired frequency response. Therefore, a small value resistor should be placed on
the bias line, betwedhese twebypass capacitord hat is why a double RC section was
utilized on the basbias line, as presentedkigurel14.

Figure 223D layout view taken from the electromagnetic simulation setup of-thent

power detector.

2.2.2Simulation and Measurement Results

The chipmicrophotograph of the designed power detector is shoviaigure 23. The
effective chip area excluding the pads angddedding lines is 0.18 nfrand the total
area of the integrated circuit is 0.32 fffihe total quiescent power consumption is 0.43
mW.

S-parameters of the power detector were measured by Keysight N5224A PNA whose
frequency extended to 140 GHz using a Virginia Diodes Inc. (VDI) WR6.5
frequency extension module. Opert SOL calibration was performed by an ISS from
CascadeMicrotech to mee the reference plane to the probe tip. The power at the probe
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tip was set to be less tha4D dBm along the Bband to guarantee that the power detector
is operating in the squataw region. Later, on@ort SOL deembedding algorithm on
Cascade WinCal XBoftware was performed using the data obtained frorohgnde
embedding structures to remove the parasitic effects of the RFigade24 shows the
simulated and measuregharameters of the power detector. As can be seenFigune

24, there is a quite good agreement between the simulatecheasured -parameter

results.The returnloss of the power detector is better than 10 dB between 123 and 170
GHz with the RFpad, and better than 10 dB along thé&&nhd without the Ripad.

Figure 23 Chip microphotograph ofthde si gned power det e
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Figure 24 Simulated and measuregbarameter results of the power detector.

An experimental test setup, which is showrFigure 25, was set to measure tpd/E

flicker noise of the power detector. The input of the power detector was externally
terminated by a WR6.5 wavegui de 5epaowerl oad.
detector was amplified by an external lowise preamplifier (SR550 and then
measured by Keysight 35670A dynamic signal analyzer between 1 Hz and 10 kHz. Later,

the gain of SR550 was deembedded from the measurement.

WRG6.5 50Q
Termination

IHw -

<

< A Keysight 35670A
DUT Dynamic Signal Analyzer

Figure 25 Experimental setup for the measurement of the 1/f flicker noise of the

detector.
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Figure 26 Measured 1{Xlicker noise of the power detector.

The measured loMrequency output noise voltage spectral density of the power detector
is presented ifrigure26. The output noise voltage spectrahdityis almost constant
(6201 @i( Wabove 2 kHz which cape alscconsidered as theTAEorner frequency of

the power detector. As mentioned earlier, the Dicke switching frequency should be set to

be far away from 2 kHz. Therefore, the output noise gelispectral densitfyy ) was

taken as 626 GB/OdiN the noise equivalent pow@iEP)calculations.

Keysight E8257D D-band  Keysight DS09254A
e = B AMC  Coupler e [T
= ":::; -

- L)
TG 808 2

v il

Keysight 4448A PSA  Mixer Keysight E8267D

Figure 27 Experimental test setup for the measurement of the output voltage wa

and the responsivity of the poweetector.
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Figure 29 Simulated and measured responsivity of the power detector.
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Figure27 shows the experimental test setup which was used to observe the output voltage
waveform and to measure the responsivity of the power detéci®very important to

know exactly the power at the probe tip at the input of the power detector to measure the
responsivity correctly. Therefore,r st , t he conversion |-oss be
band directional c 0 u fpthe edibandh direct dovatenvertsibn p o r t
mixer was measured by connectingdb@ nd power meter 4tHandt he i
directional coupler. It was verified that this conversion loss is constant for all power levels

that would be used during the resportgimieasurements. Second, a second probe, which

is identical to the presented probe (at left in the figure), was connected tebidwedD

power meter, and in this wathe total insertion loss of the twebend waveguides and

two probes was measured usingnaall througHine on the ISS. By dividing this value

by half, the inserti on -bbhnddirectidna cowpkereandtheh e A ¢
probe tip was found. The insertion losses figured out above were taken into account while
measuring the respangy of the power detector.
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Figure 30 Simulated and measur®&EP of the power detector
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An input signal to the input of the power detector which was AM modulated at 10 kHz
with a modulation depth of %100 was applied to emulate the impact of the Dicke switch.
Figure28 shows the measured output voltage waveform of the power detector while the
power of the input signal varies frof84.2 dBm to-60 dBm at 140 GHz. As mentioned
earlier and presented in equat(@3), the responsivity can be calculated by dividing the
change in dc output voltage by the change in input power. This procedure was repeated
with 10 GHz stegsize between 110 an@l70 GHz. The simulated and measured
responsivity results of the power deteadogpresned inFigure29. As can be seen from

the figure, the measured curve matches well with the simulated result. The measured peak
responsivity value of the power detector is about 883 kV/W at 130 GHz. It gsadual

decreases after 18BHz, and its minimum value is about 373 kV/W at 170 GHz.

The NEP of the power detector was calculated by dividing the output noise voltage
spectral density by the responsiviBigure 30 shows the simulated and measuleP

of the power detector. The measuNEP is better than f} ¢'Qx 7 over 110150 GHz
frequency range, and its minimum value is about®.@r'Cx ¥ at 130GHz. The slight
discrepancybetween the simulation and measurement results above 120 GHz can be
attributed to that the measured responsivity value is slightly better than the simulation in

at the same frequency range.
2.2.3 Comparison

The performanceomparison of the power detector with previously reporteoabd

power detectors implemented in silicon technologies is summariZeable 3 TheNEP
performance of a power detector is the most important parameter, which is also
considered as the figua-merit (O¢ ) of the power detectors in the passive imaging
systems. The abkigned power detector achieves the best noise equivalent power
performance compare to previously reporteddnhd power detectors implemented in
silicon technologies. Moreover, the designed power detector has the highest responsivity
among the other silicebased studies in the literature, thanks to higher value load resistor.
Even though the use of high resistance results in a lower power compression point of
approximately30 dBm, it is not a priority performance criterion for the passive imaging
applicatons. These results point thifie D-band power dettor srows the statef-the-

art performance and emphasize the suitability of the power detector fovauenpassive

imaging systems to achieve excellent NETD performance.
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Table 3 Summary of performance comparmisof the Dband power detector with

previously reported fband power detectors implemented in silicon technologies.

NEP S11
Responsivity| Rioap | <-10 Area
Technolo ==
i ) B E0)
1)
45nmCMOS 167
[42] 8 3 1 0.20
SOl 194
90nmSiGe 125
[43] _ 2.7 10 1 0.21
BICMOS 170
90nmSiGe 145
[44] . 0.7 11 0.6 0.05*
BIiCMOS 170
90nmSiGe
[44] BICMOS 1.25 14.5 1 N/A 0.02*
i
0.13 mSiGe
[45] ) 10 10 1 - N/A
BiCMOS
This 0.1 SiGe 110
?ﬁn 0.7 883 100 0.18*
Work BIiCMOS 170

* Excluding the pads
2.3. Low-Noise Amplifier
2.3.1 Circuit Design andimplementation

The circuit schematic of the designeNA is shownin Figure31. The designed LNA
consists of fourcascodestages.In order toreduce the noise contribution of ti@B
transistor, a shunt inductasas placedetween th€ EandCB transistors, whicls base

on the technique proposed [#6] for WLAN applications and CMOS technology. The
effect of this shunt inductor on the noise figure performantieemfascodeonfiguration

was analyzedor the SiGe HBT technology. Furthermore, a Butterworth approximation
based staggered tuning technique was utilized to enhance the bandwidth and improve the

gain flatness of theNA.

The amplitude of the signabllected by the antenna is expected to be very low, around
100dBm, as analyzed in Sectiorl2A high-gainLNA is required to amplify the signal

collected by the antenna and to suppress the noise of the power
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Figure 31 Circuit schematic of thaelesignedD-band LNA (Electrical lengths of tf

transmission lines are given for 140 GHz).

41



detector. Assuming a bandwidth of 40 GHz, an integration time of 30 MSPaf 0.8

n oy ¥ for the power detector, and an insertion loss of 2.5 dB for the SPDT switch,
the dependence of the NETD performance of the Dicke radiometer architecture on the
gain and noise figure of tHeNA is demonstrated iRigure32. As could be seen in the
Figure32, the noise figure of theNA should be aslw as possible, and th&lA should

have a gain of at least 30 dB to suppress the noise of the power detector enough under
aforementioned assumptions. The MATLAB code that was used to figure out the effect

of the gain and noise figure of thdNA on theNETD of the radiometer is given in

Appendix A.
T T T T T T T T T T T T T T T
050 ¢ —=—NF=4dB ]
0,45 —s—NF=5dB i
A NF=6dB -
0,40 b, —v—NF=7dB A

—+—NF=8dB

0,05 i 1 i 1 M 1 M 1 M 1 M 1 M 1 M
200 225 250 275 30,0 325 350 37,5 40,0

LNA: Gain (dB)

Figure 32 Calculated NETD versus the gain of the LNA for various NF values.
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Figure 33 High-frequency smalkignal equivalent circuit of the cascodepology

including major noise sources.
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The CE topology comes out with better noise performance while the cascode
configuration comes to the forefront with higher gain performance. The total noise figures
of the cascaded two identical stages for HoEand cascode topologies were calculated

to figure out which one is appropriate to obtain better noise figure performance, assuming
that eachstageprovides its maximum available gain and minimum noise figure values
and they are operating at the optimum kpa@t for minimum noise figure without
trading off too much gairilhe result of this calculation is that tgain of theCE is not
enoughto suppress the following stage. Therefore, it was decided to use the cascode
configuration. Ulusot al.[47] presented a gaiboosting technique to enhance the gain
performance of the SiGe HBT cascode configuration operatinglesnd. This gain
boosting technique can be used to enhance the gain so that theambigautionfrom

the following stages cape suppessedetter. However, it does not cope with the noise
contribution of theCB transistor which leads to troubie terms ofthe noise figure,
especiallyfor above 100 GH4n order tafigure out how to reduce the noise contribution

of theCB transistor, lhe noise figure of the cascode topoleggs analyzeihcluding the

major noise sources and parasitics in a SiGe HBT.

There are three major noise sources at-fiighuencies in a SiGe HBT: the thermal noise
of the parasitic base resistance (), the tase shot nois€( ), and the collector shot
noise (Q). The highfrequency smalkignal equivalent circuit of the cascode
configuration including the major noise sources is showfigure 33. It should be
highlighted here that theabeemitter and collector output resistanc&® (andi )
represent real parts of impedances without having thermal noise and, the cbbeetor
cgpacitance was omitted for simplification. Figure 34, # represents all parasitic
capacitances between the nofleand the ground such as the coltetmitter and
collectorsubstrate capacitances of tG& transstor, and the basemitter and emitter
substrate capacitances of (DB transistor.

The method presented [#8] was used to derive the noise factor equation of the cascode
topology. The superposition theorem was applied to calculate the total output noise
current power spectral densit@(¥3'Q) since the correlation between the presented noise
sources could be ignored for simplification. The output noise current power spectral
density terms due to each noise source were derived by consibigumg33 andFigure

34, as presented in equatio(®5-(41), where k is the Boltzmann constant,is the
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temperature)O is the quiescent base currefd, is the quiescent collector current, and

Y is the source resistance. The total output noise current power spectral denE )

is equal to the sum of all theserms. Consequently, theoise factor equation of the

conventional cascode topolog¥)( can be found out by dividing the total output noise

current power spectral densit@(#3'Q by the output noise current power spectral density

due to the source (

737°Q, as presented in equati¢#?). At this step, the noise

factor terms were called like as shown in equaéi) to highlight the parts related with

the capacitance 0

'O RO RO HO HO hand™O

in order to focus

its effect on the noise factor.

are the noise factor terms due to the thermal

noise voltage of the parasitic base resistances and the shot noise currenGEérnide

CB transistor, respectively. As can be seen from equédigyythe noise contribution of

the collector shot noise of tHeéB transistor escalates as frequency increases, and the

capacitanc® has a significant contribution to this undesired effect.

0 T3Ge TQY

KO) T3'Qe 1QIY

s s .
s . (39

B (36)
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In order to remove the effect of the capacitadcen the noise figure performance, a
shunt inductoid is placed to parallel t6 as shown in Figure 4(b). The noise factor
equation of the modified topology thithe shunt inductas was derived by following
the procedure which is presented above for the conventional topology. In this way, the
noise factor of the modified topology) can be expressed by equat{@df). As can be
seen from equatio®3) if the value of the shunt inductor is set to resonate with the
capacitanc@® at the operating frequency, the collector shot noise o€ti¢ransistor
which is the dominant noise soe can be removed completeigure35 compares the
simulated maximum stable gai® (Y)Oand minimum noise figure0(O ) of the
conventionaland modified cascode topologies (withhre typical case). As seen, this
noise reductiortechngue reduces the minimum noise figute "0& Nabout 0.5 dB
across whole Hpand frequency range. However, the maximum stable gaitY)O

remains same fordth topologies.

©_re (43)

4 € T, T T Aw. T Tl T od.
Another important performancepecification that determines the noise equivalent
temperature difference performance of the radiometer is the bandBiiétral. [49] used
a staggered tuningchnique based on Chebyshev distribution ataid to obtain broad
bandwidth and thus to improve the noise equivalent temperature difference of the
radiometer. Even though it provides broad bandwidth, it has najdlatwhich isanother

important perfomance criterion for the radiometers. The
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Figure 35 Comparison of the conventional and modified cascode topologies in te

the minimum noise figurad('O ) and maximum stable gaio ('Y)O

staggered tuning technique based on Butterworth distribution provides the maximally flat
gain response. Therefore, the staggered tuning technique basd&utmmworth
distribution was employed to obtain broad bandwidth anebjfiiit over the frequency of

interest in this work.

It is knownfrom the classical filter theory that the number of dominant poles and their
relative positions to each other determine the bandwidth and characteristics of the transfer
responseln order tohave Butterworth distributignthe dominant poles of the transfer
function must be on a semicircle with the center abn the imaginary axis ofglane,

as depicted ifrigure36. The diameter length of this circle determines the bandwidth of
the transfer function in terms of the angular frequency. The dominant pole of a cascode
configuration is mainly determined bysioutput network that determines the gain

peaking frequency and@B bandwidth of the cascode std§6].

The first three stagesere designedy obeying the gaipeaking frequencies anddB
bandwidths which are determined by the Butterworth distribution to have a 40-@GBiz 3

bandwidth with a center frequenoy 140 GHz in total. The last stage of the loaise
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Figure 36 Positions of the poles of Butterworth distribution on thease (for 3poles)

amplifier was designed to provide wideband output matching without disturbing the
Butterworth characteristic as much as possible. Accordifggtoe36, the gainpeaking
frequencies of the staggered tuned stages should be 122.7, 140 and 157.3 GHz, and each
stage should have adB bandwidth of 20 GHz. The gapeaking frequency of the first
stage was set to 140 GHz to have a noise figure as minimunssiblpat the center of

the frequency range. The ggeaking frequencies of the second and third stages
optimized to 157.3 and 122GHz, respectively. This order was chosen to avostiarp
increase in noise figure as frequency increases. If thendestage hatleen peakedt

122.7 GHz, the total gain of the first two stages would have been not sufficient to suppress
the noise of the following stages at the higher frequencies since the noise figure naturally
increases with the frequencilso, the pakgain of each stage should be sameto

each otheto not disturb the Butterworth responseyure37 shows the simulated gain of

each stage arntie simulated overall gain.

The collector current of the first stage was optimized to obtain a good compromise
between the noise figure (NF) and the maximum available gain (MAG) for the unit

emitter size. The emitter area of ti@E transistor §p) was chsen to enable

a7



40 1 1 1 1 1 1 1 | | 1 1 1 1 1 | | 1

-+ First-Stage

- - Second-Stage
© - Third-Stage '
< Four-Stage ]
o I —— Total ]
15 |- 7
S -v--:::':::l-=::Z:::"':::I:::t:::::""'""--.ﬂ.__ .
10 =" Ut e L ., e

- P o Ttew.. "mal,

- L '.‘."... .‘.."- ...-"q. “
r-' -.‘.‘. ----- T’Q.._HH‘ L™
5 fo-et ... -

0 Fl | Fl | Fl | Fl ] Fl | Fl | Fl ] Fl

100 110 120 130 140 150 160 170 180
Frequency (GHz)

Figure 37 Schematic based simulations of each stage and overall amplifier.

simultaneous input power and noise matching. The inductive emitter degeneration
technique was used to keep the pgak value same for each stage. If the emitter
degeneration had been used to set the r
conventional design approach, it would have resulted in different-gaais for each
stage so that the Butterworth response
transmission line based-type matching network was used to perform the input
impedance matchg. The electrical lengths and the characteristic impedances of the
transmission lines which are used at the output network were set to haxgapeak140

GHz with the calculated-8B bandwidth for the Butterworth characteristic. The second
and third shges were designed in the same way but for different-gaas, and the
collector currents of these stages were increased to allow larpert oltage swing to

achieve better linearity performance.

All the transmission linewere implementeds microstip lines with Top Metal 2 Metal
1 configurationand all of them were meandered to reduce dhip area. Parasitic

capacitances due to the fpRdswere not includedn the input ancdutputimpedance
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matchings. Instead, a TRL -@enbeddindixture was usedo deembed the effect of RF
pad and shift the reference plane to the input ofLidd. The MIM capacitors were
employed to perform D®locking and ACgrounding. TheSRFof the 340 fF capacitor
which was used at the bias networks to performgh@inding is 140 GHz in the used
process technology (I HP6és SG13G2), and it
between 100 GHz and 180 GHz. Another bypass capacitor shoplddssl on the bias
line to ground smaller frequencies, but iigtconnectedn parallel to the first bypass
capacitor, their parasitics will be added @md it would result in unexpected and
undesired frequency response. Therefore, small value resigéoe placed on the bias
lines, between two bypass capacitors as showigare31, and by thisvay, these RC
sections on the bias linéglpto erhance the lowirequency stability and to improve the
insulation between the stages. ADS momentum was used to perform tohigull
electromagnetic (EM) simulationBigure 38 shows the 3D layout view taken from the
electromagnetic simulation setup of théoBndLNA. Isolation walls shown ifigure38
were employed between the stages to prepessible unwanted signal leakamgtween

the stages through the Sifayers and the Substrate.

Figure 383D layout view taken from EM simulation setup eb@and low noise amplir.

2.3.2Simulation and Measurement Results

The chip microphotograph of the designetb&dLNA is shown inFigure39. The total
area of the integrated circuit is 1.0 mfh.25 mm 0.8 mn). The effective chip area,
excluding the pads and lines placed foretiébedding, is 0.6 mfnThe total quiescent
power @nsumption is 28 mW.
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Figure 39 Chip microphotograph of the designeebBndLNA ( 1 . 25 mm

-

S-parameters of the designeeb@ndLNA weremeasured by the Keysight N5224A PNA
whose frequency extended to 1100 GHz usingVDlI WR6.5 frequency extension
modules. Tweport SOLT calibration was performed by an ISS from Casdsliterotech

to move the reference plane to the probe tips. The powke grbbe tip was set to be
less than40 dBm over the Bband to ensure that the designed-loise amplifier is
operating in the linear region. After that, tport TRL deembedding algorithm on
Cascade WinCal XE software was performed using the datanetithiom orchip de
embedding structures to remove the parasitic effects of the RF pads. The simulated and
measured-parameter results of the designed dowise amplifier, including the effects
of the RFpads, is presented Figure 40. Figure41shows the dembedded simulated
and measured-parameters of the lowoise amplifier As can be seen frofaigure4l,
there is aquite good agreement between the simulated and measpaedmseter results
of the designed Mand lownoise amplifier. The peak gain of thBIA was measured to
be 33.1 dB at 147 GHz, and thelB bandwidth of thelesigned_NA is 42 GHz.
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Figure 40 Simulated and measuregbarameter results of the desigriedA , including
the effects of the Rpads.
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Figure 41 De-embedded simulated and measurguhsameter results of the desig
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Figure 42 Measured input referreddB compression point of tHeNA.

Figure 42 shows the measured-dB compression point. The input referreddB
compression point@ ) was measured to b87.6 dBm by applying a 140 GHz single
tone sinusoidal signal to the inpaftthe LNA.

Noise figure measurement of the desigh&tA was performed using the experimental
test setup shown iRigure43. As can be seen from tlfigure, theinput of theLNA was
driven by a Bband ELVA-1 noise source that has an exeesseratio 0. Pof 12-dB.

A D-band faraday isolator was used to avoid the measurement errors that would arise due
to the mismatch between the output of the noisece and the input of tHENA. The
output signal of th&.NA was dowrconverted to an IF frequency by akdand direct
down conversion mixer driven by an active multiplication chain configurated with
Agilent E8257C signal generator. The IF signal was amplified by diNKx, and then
analyzed by Agilent 8973A noiségtire analyzerFigure 44 shows the simulated and
measured noise figure measurement ofliNA. The extremelyow-value points were

not includedn thefitted curve. The fitted noise figure is better than 6.1 dB along the D

band, and the minimum noise figure value of thNA is 4.8 dB at 127 GHz.
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Figure 44 Simulated and measured noise figure performances of the dekigAed
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2.3.3Comparison

The performance comparison of the designddA with reported Bband LNAs
implemented in silicon technologies is summarizeBahle 4 The figureof-merit (O¢ )

described by equatiod4) was used to assess the performance dilize.

0f § o mrn 000 a6 B 00
P "0 p B am I 00

The designed-NA achieves the minimum noise figurand widest 3dB bandwidth

(44)

compareto previously reported fand LNAs implemented in silicon technologies.
These results point thtte designe®-bandLNA shows the statef-the-art performance,
and it is suitable to be employed in millimeteave passive inging systems to achieve

excellentnoise equivalent temperature difference

Table 4 Summary of performance comparison of tlesigned-bandLNA with

previously reported fbandLNAs implemented in silicon technologies.

Peak | Peaking| 3-dB
_ NF | IP1ss | Poc
Tech. Gain | Freq. BW FoM
(dB) | (dBm) | (mW)
(dB) | (GHz) | (GHz)
[51] | 65nmCMOS | 13.8 | 113.7 11.2 | 10.8| -26.8 40 0.01
90nmSiGe
[52] . 36 138 55 N/A | N/A 45 --
BICMOS
90nmSiGe
[43] . 30 140 25 6.2 N/A 15 --
BICMOS
0.13 m SiGe
[45] . 35 164 8 11 N/A 92 --
BICMOS
0.13 m SiGe 5.5
[47] . 27.5 126 18 -33 12 1.32
BICMOS 6.5
0.13 m SiGe
[53] _ 24.1 158 40 8.2 | -25.9 28 1.07
BIiCMOS
This | 0.13 m SiGe 4.8
_ 33 147 42 -37.6 28 1.78
Work BIiCMOS 6.1
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2.4. SPDT Switch
2.4.1 Circuit Design andimplementation

SPDT switch isoneof the important suiblocks in the Dicke radiometer architecture.
Becausats insertion loss directly contributes to the overall noise figure of the radiometer
since there is no amplification block before the SPDT switch. At millimessre
frequencies,hte quarterwave shunt switch topology is commonly preferred to avoid the
parasitics of the series devices since these parasitics, especially the parasitic shunt
capacitances, become very costly in terms of the insertion loss performance as frequency
increases. Furthermore, Schmad al.[54] presented a new mode of operation, which is

named as reverse saturation, that improves the switching perfeaogthe HBT.

The circuit schematic of the designed SPDT based on the gueavter shunt switch
topology is shown ifrigure45. Whenthes isappi ed, t he Q2 i s tur ne
Ql i s t aThusehk QApdlvides alow impedane ( and# ), and
the quartemvave { 71) transmission line transforms this approximate shiocuit to an
opencircuit. In the meantime, Q1 acts as an oéecuit because of the very high off
state impedanceY( and o ). In this way, the RF Power at the wanted
input is directed to the output. It should be highlighted here that the lengtie of
transmission line could be smaller than the quawi@re length to compensate the non
ideal shorcircuit provided by the orstateHBT. In addition, an inductive shunt stub is
placed parallel to HBT device to improve the insertion loss performanoesbyating
the offstate capacitance ( ) at the center of the frequency range of interest.
Thence, the dominant term is the-sffite resistancéy( ), which determines the

insertion loss of the SPDT. Besides, the indécskiunt stub provides the BEftound for

the collector of the HBT, and also contributes to input impedance matching.

The size of the HBT is the main parameter that determines the insertion loss and isolation
performances of the SPDT. The use of smalleil HBvice enables to provide higher
off-state resistance’Y( ) which provides better insertion loss performance.
However, smaller device inherently brings higherstate resistancéY( ) which
reduces the isolation performanaethe SPDT. Therefore, there is a trarfEbetween

the insertion loss and isolation performances of the SPDT, due to the size of the HBT.
Consequently, the main challenge in the SPDT design using the guavtershunt
switch topology is finding out theptimum device size. The main approach should be to
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Figure 45 Circuit schematic of the designeddand SPDT switch (Electrical lengths
the transmission lines are given for 140 GHz).

Figure 46 3D layout view taken from EM simulation setup ofb@nd SPDT switch.

find a way that increases the -affate resistanceY( ) without increasing the en

state resistancéY( ) to break this tradeff. There are three differemtays to use
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anHBT as an electrical switch: diogmnnected, forwardaturation mode, and reverse
saturation mode. Ulusogt al. [55] have shown that the HBT operating in forward
saturation mode achieves superior performance compare to thecdimgected (base
and collector terminals connected) HBT. Because the paragiigcitancesy ando

are paralleconnectedn the diodeconfiguration while they are series connected in the
forward-saturation mode. Furthermore, Schratdl. [56] have revealed that for a same
on-state resistanceY( ) value, the HBT configurated in the revessguration
mode provides a very higher (about eight times larger¥tate resistancéY( )

than the forwardsaturated HBT. This improvement enables to build SPDTs that have
lower insertion loss but also higher isolation performance, by breaking theoffade

between the insertion loss and isolation performances.

After all aforementioned design guidelines had been taken into account and evaluated,
the HBTs were configurated in the revessguration mode, and the emitter size of the
transistor was chosen to be 16x urihe transmission line basedtyipe matching
network was used to perform the impedance matching between at the input of the SPDT
switch. All the transmission lines were implemented as microstrip lines using Top Metal
21 Metal 1 configuration, and they were meandered to reduce the area. Titiedi{dg
capacitors were implemented by the MIM capacitor of 50 fF. It contributes to the input
impedance matching slightly, as well. Parasitic shunt capacitances due to the RF pads
were not taken into account. Instead of this, a ThrarethectLine (TRL) deemledding

fixture was utilized to dembed the effect of Rpad and to shift the reference plane. The
selfresonated bypass capacitors of 500 fF were placed on the bias lines to provide an
AC-grounding as well as possiblEull-chip electromagnetic (EM) simations were
performed by ADS Momentum. The 3D layout view taken from the electromagnetic
simulation setup of thedband SPDT switch is shown Figure46.

2.4.2 Simulation and Measurement Results

The die microphotograph of the designed SPDT switch is showkigure 47. The
effective chip area exatling the pads and @embedding lines is 0.16 nfiThe overall
integrated circuit occupies an area of 0.33%rifle total quiescent power consumption
is 5.3 mW.

S-parameters of the SPDT switetere measured by Rohde&Schwarz ZVA24 vector
network analyzer wise frequency extended to 1190 GHz using Rohde&Schwarz
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Figure 48 Simulated and measureeparameter results dhe designed SPDT switt

including the effects of the Rpads (except isolation perfaance).

ZC170 frequency extension modules. Fpart linereflectrefleckmatch (LRRM)
calibration was performed using ISS 1386 from Cascad®licrotech to move the
reference plane to the probe tip. The power at the probe tip was set to be les30than
dBm along the Eband to guarantee that the SPDT switch is not compressed. Then, two
port thruopenload (TRL) deembedding algorithm on Cascade WinCal XE software was
run using the measurement data obtained frorrclip deembedding structures to
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remove the parasitic effects of the RF pa&agure48 shows the simulated and measured
s-parameters of the designed SPDT switch, including the effects of tpadFThe de
embedded simulated and measurepasameters of the designed SPDT shvitare
presented irfrigure49. As can be observed from the results, there is a little discrepancy
between the simulations and measurements. This géstcyg can be attributed to that the
simulation program does not softree full-chip layout of the designed SPDT accurately
The input and output return losses of the SPDT switch are better than approximately 10
dB over the Bband. The dembedded insertioloss result is better than 4 dB along the
D-band, and its minimum value is about 2.6 dB at 125 QHgure 50 shows the
simulated and measured isadait results of the SPDT switch, with and without-peds.

The deembedded measurement isolation value is better than 25 dB across the-entire D

band, and its maximum value is 30 dB.
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Figure 49 De-embedded simulated and measusquarameter results of the desig

SPDT switch (except isolation perfoance).

2.4.3 Comparison

The performance comparison of the SPDT switch migviouslyreported Bband SPDT
switches implemented in silicon technologies is summarizéhbie 5 The designed
SPDT switch shows the minimum insertion loss performance tivithighestisolation

compared to the other studies implemented in silicon technologies. These results promise
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Figure 50 Simulated and measured isolation results of the designed SPDT switct

a stateof-the-art operation, and the design8&DT switch is adequate to be used in
millimeter-wave radiometer applications to accomplish a superior noise equivalent

temperature difference performance.

Table 5 Summary of performance comparison of the designdoamd SPDT
switch with previously reported band SPDT switches implemented in silicon

technologies.

Insertion Isolation | Poc | Area
Technology Topology I(_é)s)s (dB) mw) | (mm?)
32nm :
[57] CMOS SOI Singleshunt 2.6 22 0 0.21
Magnetically
[58] 65nm Switchable 3.3 237 | 0 |0.004*
CMOS
Artificial Resonator,
0.13 m
[55] SiGe Sg?u“rg't‘zzhH“gth 2.6 29 6 | 036
BiCMOS
: 0.13 m
Vw'ri SiGe Reéﬁfﬁtsﬁgga;e‘j 2.6 30 | 53 |o0.16*
BiCMOS

* Excluding the pads
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2.5. Total Power and DickeRadiometers
2.5.1Implementation

The advantages and disadvantages of the direct detection radiometer architectures are
discussed in Section 22. Within the scope of this thesis study, the direct detection
architectures were used to build the total poased Dicke radiometer#s presented in
Section 21.2, a typical total power radiometer consists mLAIA to amplify the weak

signal collected by the antenna, and a power detector to convert the RF power information
to DC-voltage. The noise equivalent teempture difference (NETD) performance of the

total power radiometer is significantly degenerated by the-fjastuation of theLNA.

The effect of the gahfluctuation of theLNA on the noise equivalent temperature
difference (NETD) of the radiometer can be eliminated by using the Dicke switch.
Therefore, a typical Dicke radiometer includas SPDT switch before thd NA in
addition to the total power radiometer topology. The perémce of the presented stb
blocks such as SPDT switdbtNA, and power detectaverefound to be suitable to build
radiometer systems. The layout view of the implemented Total Power and Dicke
radiometers are shown kligure51 andFigure52, respectively. No impedance matching
network was used beegn these sublocks because all of them were designed to match
50q. Alodks veene placed as close together as possible to keep the insertion losses
due to the interconnection transmission lines as minimum as possible. In this way, the
loading effect of the sukblocks on each other were kept minimum for both of the

radiometer systems.

Figure 51 2D layout view of the Eband Total Power Radiometer.
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Figure 52 2D layout view of the Eband DickeRadiometer.

2.5.2 Measurement Results

The chipphotosof the total power and Dicke radiometers are showfigure 53 and
Figure54, respectively. The total chip area of the total power radiometer isr’31.55

mm 0.84 mm), andhe Dicke radiometesccupies a chip area of 1.7 rh(2.04 mm

0.84 mm). The total quiescent power consumption of the total power radiometer is 28.53
mW. The Dicke radiometer consumes a DC power of 33.82 mW in quiesceniapera
Oneport sparameter measurements of the total power and Dicke radiometers were
performed by Keysight N5224A PNA whose frequency extended-baridl using a
Virginia Diodes Inc. (VDI) WR6.5 frequency extension module. One port -sipeant

load (SOL) chbration was done by an ISS from Cascddierotech to move the
reference plane to the end of the prdligure55 shows the measured input returrsies

of the total power and Dicke radiometers. The input return loss of the total power
radiometer is better than 10 dB over the frequency range of 111 t6H58&nd better

than 8.4 dB across the entireband. The input return loss of the Dicke radiometer is
better than 10 dB from 110 to 1&3Hz and better than 7.5 dB along theb@nd.

The experimental test setup showrrigure25was used to measure the 1/f flicker noise

of the total power and Dicke radiometers. The input ports of the radionvetees
connected to a WR6.5 wav engllowdoese psedngplifigre r mi n 2
(SR-550) was used to amplify the output noise voltage signals of the radiometers. The
amplified signals were then measured by Keysight 35670A dynamic signal analyzer
operating between 1 Hz and 10 KHz. Later, the gain of thampdifier wassubtracted

from the measurements.
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Figure53Chi p mi crograph of the total p o

Figure56 shows the measured leinequency output noise voltage spectral density of the
radiometers. The output noise voltage spectral density of the total power radiometer is
almost constant (6.6 GB/OQ above 1 kHz which can be also considered apifi@
corner frequency of the total power radiometer. On the other hand, the output noise
voltage spectral density of the Dicke radiometer remains approximately constant (6.4
* (BNOQ after 1 kHz whib can be also considered as pifQcorner frequency of the
Dicke radiometer. As mentioned earlier, the Dicke switching frequency should be set to
be far away from 2 kHz. Therefore, the output noise voltage spectral deNsjtyvas

taken as 6.4 GBAOGN the noise equivalent power (NEP) calculations of the radiometer.

Figure 54 Chip micrograph ofth®i cke r adi ometer (2.014
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Figure 55 Measured input return losses of tlagliometers.
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Figure 56 Measurecpf (Xlicker noise of the radiometers.
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The experimental test setup showrfFigure27 was used to measure the respaities

of the radiometers. The power calibration and measurement procedures presented in
Section2.2was followed in the same way to figure out the responsivity performances of
the radiometers. However, the maximum input power was sé6tdBm and62 dBm

for the total power radiometer and the Dickeioatkter, respectively, to ensure that they

are operating in the squal@v region. Figure 57 shows the measured responsivity
performances of the radiometers. The peak responsivity value of the total power
radiometer was measured to be about 1377 MV/W at 130 GHz, and it is higher than 750
MV/W over the frequency range of 110 to 155 GHz. ThereWwitha peak responsivity

of the Dicke radiometer is 688 MV/W at 130 GHz, and it is minimum value is about 82.6
MV/W at 170 GHz. As can be observed from the figure, the difference between these two
curves is about 3 dB at the center of the frequency rahigéecest, and it is almost 3.8

dB at the end of the dDand. This difference can be attributed to the insertion loss of the
SPDT switch. The observed difference is between the raw amedhdedded insertion

loss performances of the SPDT switch. This isadly expected because one of the RF

pads is includethto the responsity measurement of the Dicke radiometer.

1,50G ——
—=— Total Power Radiometer ]
—e— Dicke Radiometer

1,25G

1,00G

750,00M

500,00M

Responsivity () (VIW)

250,00M

0,00 M 1 L 1 L 1 L 1 M 1 M
110 120 130 140 150 160 170

Frequency (GHz)

Figure 57 Measured responsivities of the total power and Dicke radiometers.
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Figure 58 MeasuredNEP of the total power and Dicke radiometers.

The measured noise equivalent power performances of the radiometers are illustrated in
Figure 58. Assuming an external calibration technique that completely eliminate the
effect of the gairfluctuation, the NEPof the toal power radiometer is better than 10
"Qo¥'Cy T from 110 to 155 GHz, and it is much less thariGWQx 7 along the entire
D-band. Its minimum value was found to be about@d¥'Qx 7 at 130 GHzIn addition,

the NEP of the total power radiometer was determineldiding the effect of the gain
fluctuation which arises due to the 1/f noise. In this case, the NEP of the total power
radiometer is higher than 38¢¥'Qx ¥ over the Wband. On the other handiet noise
equivalent power of the Dicke radiometer remains beloW2@'Qx 7 at the fequency

range of 110155 GHz, and its minimum value is about ®BICx 7 at 130 GHz.

The effective RF noise bandwidth () of a radiometer can be found by equatiéb)
using the measured responsivity) (performance of the radiometer its¢36]. In this
way, the effective RF noise bandwidths were calculated to be 52.3 GHz and 51.4 GHz
for the total power radiometer and the Dicke radiometer, respectively.
I "QQ™Q

6 (49)
1 Qa0

66



The effective responsivity () of a radiometer can be calculated by equgd@husing

the measured responsivity )(values of the radiometer itsgB9]. Thus,the effective
responsivity values were found to be 1093 MV/W and 552 MV/W for the total power
radiometer and the Dicke radiometer, respectively.

I QQ™Q

I — (46)

I "QQQ
Consequently, the noise equivalent temperature difference (Ng&fyrmanceof the
total power radiometer watetermined by equatiof@7) as in[60]. It should be noted
that the noise equivalent powér O Pin equation (3) was derived by dividing the output
rms noise voltage by the effective responsivity vallue external calibration techniques
require a shorter bagénd integration time such as 3.125 ms. Therefore, the NETD of the
total power radiometawas calculated for a ba@nd integration time of 3.125 ms.thre
NETD calculation of the Dicke radiometehetintegration time was taken to be 30 ms
which is a typical value for the passive imaging systémaddition the NETD value for
the total poweradiometer was calculated assuming an external mechanical switching.
Therefae, the penalty factor of 2 was included to account either for mechanical (total
power radiometer) and electrical (Dicke radiometer) switghasgoresented in equation
(48). Moreover, the NETD of the total power radiometer was also calculated for different
normalized gairfluctuation valuesusing equatior(7). Figure 59 shows the NETD
performance of the total power radiometer respect to various normalizefiugaiation

values.

000

6 lO "Y’O,_,,T 4
@ it (47)
0 0"YO¢q 6 00 48

Finally, the NETD of the total power radiometer was found to be 0.11K, assuming an
external calibration technique and a ba&cid integration time of 3.125ms. The NETD of
the total power radiometer was atsaculated to be 1.3K, assuming a ghirctuation of
%0.1. In addition, the NETD of the total power radiometer was found to be 0.07K,
assuming a mechanicawitch that has no insertion loss. On the other hand, the NETD of
the Dicke radiometer was deterrathto be 0.13K for a baaknd integration time of 30

ms.
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Figure 59 NETD of the total power radiometer for various g#irctuation ratios.

2.5.3 Comparison

Table 6summarizes the performance comparison of the implemented radiometers with
previously reported millimetewave r adi omet er s. To the aut|
implemented radiometers achietliee best noise equivalent temperature difference
(NETD) performances and widest effective RF noise bandwidths in the literature, even
better than the millimetewave radiometers implemented in -\l semiconductor
technologies. The key factor in achievingk a high NETD performance is to be having
widest effective RF noise bandwidth which is almost twice that of the nearest study.
Therefore, it shouldhe alsonoted that this study highlights the superior potential of the
Butterworth staggeretlining techmjue for the millimetewave radiometers.
Consequently, the implemented total power and Dicke radiometers show thef-$tegte

art performances, and they are suitable to be employed in millimvaeier passive
imaging systems by integrating with -chip or external antennas, and specifically

designed baseband parts.
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Table 6 Summary of performance comparison of the implemented radiometers

with previously reported millimetevave radiometers.

Center 4 F | 5 _
NETD | |4, | W | _| .. | Poc | Size
Technology | Top. | Freq. o Qw 0w
K GHz | ai . mw | mn¥
GHz TR | To
[61] TPR 92 045 29 3125 N/A 18 40 | N/A
InP HEMT .
0.30 30
0.29 3.125
62] | mPHEMT | TPR | 94 | 28 0.9 45 |NIA | NIA
0.1¢ 30
[63] | InAlGaAs | Dicke| 94 032 |NA| NA | NA | NIA |NA| NA
[71 | 6snm cMmoOs| TPR 85 1 10 | 30 8.8\ 16.1 |93.2] 3
[64] | 65nm CMOS| Dicke | 86 1.1 18 | 30 36" | 0.666F| 110 | 0.41
0] | O3 MSIGe| tpr | 90 | 069 | 15 | 30 | 20 4.4 |348| NA
BICMOS
0] | ©13 MSIGe picke | 90 083 | 15 | 30 | 21 49 |348| 04
BICMOS
67] | 018 MSIGe picke | 04 048 | 10 | 30 | 81" | 285 | 197| 26
BICMOS
65 | 018 MSIGe| picke | 85 04 | 26 | 30 10 43 | 200| 3.1
BICMOS
: 0.45 20
68 | 013 MSIGe| 1pp | 975 |21 0.28 | 1150 | 225 | N/A
BICMOS 0.37 30
9] | 013 MSICe| picke | 02 078 | 15 | 30 | 37 27 | 75 | 0.32
BICMOS
: 19 | 240
70] | 013 MSICe| picke| 90 | 021 | 8 | 30 i 28.5| 3.42
BICMOS 2.7 | 166.1
[66] | 65nm CMOS| Dicke | 140 15 | 21 | 30 | 26 12 | 152 | N/A
SiGe 0.35 3.125
[4] (270/330 | TPR | 165 | 10 14 28 | 95 | 04
0.23 30
GHZ #/fma)
i 0.25Y 3.125
521 | 20MMSIGe | rpp | 136 118 1.4 52 | 47.2| 05
BICMOS 0.16° 30
" 0.1 315
IS i .
013mSiGel tpp | 130 | 1.2 |[523|3125) 285 1.3
Work | BIiCMOS 6% | 1093
0.07 30
This : 93 | 688
013mSiGe| hive| 130 | 013 |514| 30 ) 33.8| 1.7
Work | BIiCMOS 11.6" | 552¢

" Assuming an external mechanical switching with a penalty factor of 2.
NDerived NEP value by using the effective responsivity value (or average NEP).
“Effective (Average) responsivity value.

Y Assuming a calibration without reducing the observation time.

b Recalculated system performance fon backend integration time.

2 Assuming a gaifluctuation of %0.1
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3. W-Band Frequency Extension Module for VN/

In this chapter, first, the fundamental operating principle of a VNA, and its basic
architecturesre presentedlhen, thefrequency extension concept and the architecture
of the singlechip frequency extension module are depictafter that, thedesign
methodologiesimplementatiormethods and measurement results of the-bldrks are
presentedin addition the comparisons dghe significantsubblocks (dowrconversion
mixer and frequency quadruplewith the previously reported studies abeiefly
summarized. Finally, the characterization and thexperimental results of the

iImplementedsingle-chip frequency extension module are presented.
3.1. S-Parameter Measurements Using Frequency Extension Modules
3.1.1 Network Analyzer

Network Analyzer is the basic measurement equipment which is mostly used for
characterization of RF, microwave and millimeteve electronic networks. A network
analyzer measures-fgarameters which are capable to completely describe the-small
signal propeies of electronic circuits such as active circuits, passive components, and
sensors. SNAs are capabdemeasur@nly amplitude qualities of the incident, reflected,
and transmitted waves. In other words, it is not possible to acquire the phase ioformati
of the signals by usinan SNA. However, VNAs can also measure the phase relationships
between the incident, reflected, and transmitted signals in addition to the amplitude
properties. Therefore, VNAs have tremendous advantages over SNAs to complétely a

precisely figure out the smadignal behaviors of the electronic networks.

A simplified block diagramof a typical tweport SNA is illustrated ifFigure60. As can

be seen from the figure, it uses the amplitude detectors to measures the irefidetdd

and transmitted signals so that it misses the phase relationships between the signals.
Assume that the-garameters of a device under tstbeing measurings illustrated in

Figure60. First, the RF signal is directed to the pbivy the port switch. The RF signal

is sampled by the firadirectional coupler, and its amplitude Jalk measured by the
amplitude detectoiol aRel edeasammeef emenceh
sampled by the second directional coupler, and its amplitudeigbdeasured by the

amplitude detector abel edl das Ifint efsaact, the magnitude

under test is found by dividing the amplitude of the reflected signal (b1) by the amplitude
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of the incident signal (al), as presented in equdti®n Therefore, an error correction,
which is termed as calibration, should be performed, as discussed later. After that, the
amplitude of the transmitted signal (b@ determined by theest2 amplitude detector,

and the amplitude of the incident signal'abntinues to be measursunultaneously.

In the same way, a calibration should be done because of the fact that the S22 of the
device under test is equal to the quotient of the hatuplitude of the transmitted signal

(b2) and the actual amplitude of the incident signal (al), as described in e@b@tion

Directional Directional Directional Directional
Coupler Coupler Coupler Coupler
— | PORT1 DUT PORT2
> > o8 a1 € +
-‘ (- b1a1 a2b2 j (-
+a1' +b1' b2'+ a2'+
Amplitude Amplitude Amplitude Amplitude
Detector ¥ ¥ Detector Detector ! ¥ Detector
(Reference-1) (Test-1) (Test-2) I (Reference-2)
> ] I €
INPUT SELECTOR
Y Y
ADC ADC
(REF) (TEST)
Y Y
PROCESSOR/DISPLAY

\ Port Switch

RF Source

Figure 60 Simplified blockdiagram of a typical twort scalar network analyzer.

‘ Lps
v g (49)
‘ LS
St B8 TS (50)
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Figure 61 presents a simplifiethlock diagramof a typical tweport VNA. VNAs are
operating as like described above for SNAs. However, as can be seen from the figure, it
employsdown-conversion mixersnstead of amplitude detectors so that the incident,
reflected, and transmitted signals are dasenverted to IF signals. These IF signals are
converted into digital domain by anatlogrdigital converters (ADCs), and then divided
to I and Q signals by pressing with digital IQdemodulators. Later, these | and Q signals
are converted to magnitude and phasermation for further signal processing. In
practice multiple frequency dowasonversiorprocessnight be performed before ADCs.

As can be seen froffigure61, a twoport VNA comprises two froaénd circuits, which

is termed aareflectometerthat consist of basically two directional couplers, tdean
conversion mixers, and a power divider. In essence, the reflectometers can be considered

as the hearts of the VNAs since they dominantly determine the main performance

specifications of the VNAs such as frequency range, input impedance, dynamic range
noise floor etc In addition, the directivity and the input impedance of the reflectometers

dominatethe measurement uncertainty of the performed measurement.
Figure 62 shows the flow graph of thet@rm error model of the ofgort sparameter
measurement which is performed by a VNA, wh@reis the error that arises due to the

finite directivity of the reflectometeiQ is the error due to the port matching, &d
andQ are the tracking errors (insertion losses etc.). The actual reflectéficientof

the device under test, which is equal to S11 of the device under test when the other ports
are termimted with match load if they exist, can be determined by dividing lithe

(reflected wave) by thal (incident wave), as described in equat{bt). However, the
measured reflection coefficient is equathe division of bO by a0, as shown in equation
(52). Therefore, an error correction should be performed to remove the errors Sudh as

(59)

Q ,Q ,andQ .
(52

(>
5§ 51%

W
The actual reflection coefficiendy ) can be expressed in terms of the measured reflection
), the directivity error'’Q ), the port match erroiY ), and the overall

coefficient ¢

tracking error'Q Q ) by congdering the flowgraph of the ongort threeterm error
model shown ifFigure62, as described by equati@B). This equation can be rewritten
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Figure 61 Simplified blockdiagram of a typical twqport vector network analyzer.
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as shown in equatiofb4) by leaving the actual reflection coefficiem () alone on the
left side. The product of2 and Q can be considered as one term for the ratio
measurements. Thats al so why this er4er mmedebri shnod
W Q QQ w— (53
P Qo

This equation can be rewritten as shown in equg&8nby leaving the actual reflection
coefficient (v ) alone on the left side and taking the produc®ofandQ as one term
which is named as the overall tracking eri@Qr (

W Q
Q o Q QQ
As can be seen from the equation, there are three unknown terms, and it means that we

®

(54)

need to have three independent equations at least to find the actual reflection coefficient.
For thisreason, three different measurements must be performed with three independent
standards such as shosi (  p), open @ p, and match loadsf p to make

error correction (calibration). In fact, this works for any three independent linear
measurementnot just for shorbpenload (SOL), but these three standards are very

suitable to build for all frequency range.

The flow graph of the sikerm forward error model of théwo-port s-parameters
measurement is presentedrigure63, whereA is the error that arises due to the finite
directivity of the reflectometer of the pekt A is the error due to the pettmatching,

A andA are the reflection tracking em (insertion losses etcA, is the port2 6 s
matching errorA is the error because of the signal leakage from thelpirthe port
2,andA andA are the transmission tracking errd@slving the flowgraph of the two
port sixterm forward erromodel shown irFigure63 yields measured S11 (S11m) and
S21 (S21m) as described in equai{sh) and equatiori56), respectively, in terms of the
errors mentioned above and trectud s-parameters of the device under test
(Y RY RY RY ), where Y "Y "Y Y.

Q Q0 “ (55)

W

Y - : — P~
W p Q%Y Q%Y QQs3

Y © Q QQ A 56
W p Q%Y Q%Y QQz3z (56)
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Figure 64 Two-port sixterm reverse error model for thgparameter measuremer
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Two-port sparameters measurement requires a second error model which istdrensix
error mode for the reverse operatidigure 64 shows the flow graph of the sterm
reverse error model of thevo-ports sparameters measurement, wheee is the error
because of the finite directivity of the p@t6 s r e fr|'Ge dstthe er@rtdee to the
port1 matchinge and(xe are the reflection tracking errors (insertion losses &),
isthepotl 6 s mat c @a intlge ererbecause,of the signal leakage from the-port

2 to portl, and@e andQx are the transmission tracking errors.

Considering the flowgraph of the twimrt sixterm reverse error model shownFigure

64, the measured S22 (S22m) and S12 (S12m) can be expressed by €&iatiol
equation(58), respectively, in terms of the errors mentioned above for the reverse
operation, and thactual sparameters of the device under t€st{'Y RY RY ), where

3 YYY YUY,

oEe Y Ges3

) — Ge e — — — 3)

Y (=2 p &EEY @Y 3 ®7

Y : e e (e Al (58
o p D “Y € nY D !G 3.

The four equations derived abov®%(58) for the forward and reverse measurement
operations comprise thfeur-actuals-parameters of the device under test, and total 12
error terms (6+6=12). It should be highlighted here that either the prodQctaridQ

and the product of(ze and'Gxe is taken as individually one term because of the ratio
measurements. If these 12 error terms are figured out, the equation system that includes
these four equations can be solved in order to acquire the aprareters of the device

under test.Even though, there are total twelve unknown terms, we have just four
equations. It means that eight more independent linear equations are required to solve the
equation system completely. Therefore, the six error terms in the forward operation are
solved,and then the other six error terms in the reverse operation are figured out using

the same procedure which is used in the solution of the forward equation system.

Letdéds start with the error correctQ@pn of
the port2 matching error'@ ), and reflection tracking erroi€ Q ) are determined

using the same error correction procedure predefined for thparhéhreeterm error

model (i.e, shot-openload for the porl). Second, the leakage from tpert-1 to the

port-2 (Q ) is found by takinghe measurment whileconnecting the match load to each

of the ports. Third step is to figure out the match error of the second(Poytby
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measuring directly by the reflectometer of the first port whicirsady calibrated at the
first step. Lastly, the overall transmission trackiigy 'Q2 ) is measured by connecting

the ports to each other.

The procedure which is described for thetgism error correction of the forward mode
can be followed for theewerse mode as well to figure out the six error terms mentioned

before. In this way, total twelvierms of the tweport error model is determined.

3.1.2 Frequency Extension Module

The main limiting factors that determine thpperfrequencyedge of a VNA are the
frequency ranges of the reflectometers and RF&LO sources. Even though there is an
effort to extend the frequency ranges of the reflectometers and RF&LO sources, the trend
is not to integrate them with the base units of the VNAse#&tstthe frequency extension
modules that consist of reflectometers and frequency multiplication components are
employed to extend the frequency range of tharemeter measurements. The simplified
block diagramof a frequency extension module configureith a VNA is presented in

Figure6b.

VNA FREQUENCY EXTENSION MODULE
. S ,
RF
(7] N |
g ®+-c > XN —D—: , DUT
o Frequency | REFLECTOMETER Lo+
Multiplication Chain : :
e 1
5 w
LO Vs
@ ~0 > >
1Oy Sl A
o Frequency

Multiplication Chain

A
9"0 > IFRer1
2"1—0 ] -~ rl
ggoo . A hJ
1 +
]
"U—:S IFresm
o|maA <10 ¢
Y -l

+

Figure 65 Simplified block diagram of a frequency extension module.
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There are several significant reasohgasing the frequency extension modules instdad
extendingthe frequency ranges of the base units of VNAs. First, the existiagial

cables and connectors in the market dowotk properly above 110 GHz. However,
0.8mmcoaxial cables and connectors, which are capalbleperatingup to 145 GHz,

have recently begun to appear on the mafk&l Therefore, using the rectangular or
circular waveguides for above 145 GHz measurements is still an imperative, and thereby

it is not possible to manage the connections between the outputs of a VNA and the ports
of a device under test, because ofwaveg u i digiditysstructures. Second, the free

space wavelengths of the signals above 75 GHz are extremely small (<4mm) respect to
the required lengths of the cables that should use to connect the ports of the device under
test to the output connectors betVNA. It resultsin intoleranceo even small changes

in the positions of the cables that would significantly degrade the accuracy of the
measurement due to severe phase changes. For this reason, the output of the reflectometer
should be as close as pis to the ports of the device under test. Last, there are already
many vector network analyzers availabl e i
with the configuration with frequency extension modules. Thus, many customers tend to
extend the frequecy range of their measurement systems by using the frequency
extension modules to avoid high costs of having a new VNA.

Although there are many advantages of using frequency extension modules to extend the
frequency range of the measurements, the freguextension modules have many
significant drawbacks. First of all, a typical frequency extension module built with
waveguide components may weigh about 2.5 kg or even more, and its physical
di mensions might be as (l]cltHeads ® diffidiltiesim 1 7
placing the frequency extension modules near to the device under test, and this has a
negative impact on the performance a theasurement. In addition, they need specially
designedholdersand positioners which are compatible to integrate with the probe station
because of the bulky argeavystructures of the frequency extension modules, and this
increases costs. Second, thierior height and width sizes of the waveguides which are
compatible with such a frequenextensionmodule are typically a few millimeters or

even less (se€able 7. Discontinuitiesand erosions at the connection interfaces due to
usage would significantly deteriorate the accuracies of the measurefightdn
addition, misalignments at the connections of two waveguides might considerably cause

systematic errors in the error corrections (calibration) of the measurdmgntsinally,
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but mostimportantly, ascan be seen fronfable 7and approximately described in
equationg59) and(60), where c is the speed of the light in the fspaceanda is the
physical dimension of the width of the waveguide, for the air filled rectangular
waveguides, thewaveguides have both lower and upper-affit frequencies that
determines their ggrating frequency range. For this reason, the frequency extension
modules can operate in only the frequency range that they are specifically aimed. In
addition, the frequency extension modules require the waveguide input wafer probes
specially designed fogach waveguide frequency band for thewafer measurements.
Whereas, the coaxial cables have just oneoffutrequency that determines the upper
limit of their frequency ranges, as described in equgtdhfor the air-filled cablesso

that they can operate from DC to their-offt frequencies. Therefore, the frequency
extension modules with the coaxial outputs (1 mm up to 110 GHz and 0.8 mm up to 145
GHz) have recently begun ttake placein the market (Anritsu ME7838E/[)74],
Keysight N5290A [75], Rohde&SchwarZ76]). They providea verybroad frequency
range such as from DC to 110 or 145 GHz. Nevertheless, the usage of the coaxial output

is notanultimate solutio for the higher frequencies.

Table 7 Millimeter-wa v e rectangul ar wavegui desbo

operating frequency bands.

Lower Higher
: Recommended  Cutoff Cutoff . .
Waveguide Frequenc Frequency | Frequenc Interior Interior
Standard quency quency | FrEaUeney | width Height
Code (EIA) Band (GH2) (GH2) (mm) (mm)
(GH2) (for lowest | (for lowest

order) order)
WR22 3350 26.346 52.692 5.6896 2.8448
WR19 40-60 31.391 62.782 4.7752 2.3876
WR15 50-75 39.875 79.75 3.7592 1.8796
WR12 60-90 48.373 96.746 3.0988 1.5494
WR10 75110 59.015 118.03 2.54 1.27
WR8 90-140 73.768 147.536 2.032 1.016
WR6.5 110170 90.791 181.583 1.651 0.8255
WR5 140-220 115.714 231.429 1.2954 0.6477
WR4 170260 137.243 274.485 1.0922 0.5461
WR3 220-330 173.571 347.143 0.8636 0.4318
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3.1.3 SingleChip Frequency Extender and System Simulations

The detailed block diagram of the designedb#hd singlechip frequency extension
module for VNAs is presented figure66. As can be seen from the figure, the fully
integrated frequency extension module, which receives RE§X8Hz) and LO (17.925

27.925 GHz) signals from the VNA and sends two IF (MHz) sigfraference and test
signals) to the VNA, consists of two gle-balanced Wband dowrnconversion mixers,

two balanced frequenayuadruplergK-band to Wband), two Wband amplifiers, a W

band Wilkinson power divider, and a-B%and dual directional couplem lessence, the
frequency extension module can be considered as a superheterodyne transceiver that can
simultaneously receive and transmits through singpert.

Assuming an ideal power splitter with an insertion loss of 3 dB and an isolation of 25 dB,
adual directional coupler with a coupling of 10 dB and a directivity of 45 dB, two direct
down-conversion mixers with a conversion loss 7 dB and &d-QF isolation of 40 dB,

two frequency quadrupler with a conversion loss of 10 dB for even harmonics and a
conversion loss of 30 dB for odd harmonics, the system simulations were performed using
harmonic balance simulations through ADS. AIBm RF input signal sweeping from
18.75 GHz to 27.5 GHz and adBm LO input signal sweeping from 18.675 GHz to
27.425 GH wereapplied through 5§ power terminals.

The amplitude ratio and the phase difference of the 300 MHz IF reference and test signals
were tracked as the outputs of the systems. The measured reflection coefficieny, (

which is described in equatiq®3) for the thregerm error model of the orRmort s

parameter measurement, is equal to phasor division of the IF test signal by IF reference
signal. In this way, a SOL error correction is virtually parfed using short, open, and

load standards through tMATLAB. Finally, an impedance (8 5 q) was conn
to DUT port, and it was verified by the MATLAB code which gives us 10.14232538]

q at 90 GHz. The MATLAB code whiopdn was u
load (SOL) calibration is given in AgndixB.
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Figure 67 and Figure 68 depict tle representative 2D and 3D models of the proposed
active probe, respectively, which utilizes the designed sicigle frequency extension
module for the VNAs. In this way, the output of the frequency extension module can be
placed as close as possible b tdevice under test so that it helps us to avoid the
performance degeneration of the measurement due to the long distance, \@htalilys
explained above (in Sectionl®). Furthermore, this approach overcomes the frequency

band limitations of the waaguides.

Single-Chip
Frequency
Extension Module

DUT

Figure 67 2D representative model of the proposed active probe.

IE RF

I LO

DUT

Figure 68 3D representative model of the proposed active probe.
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3.2. Down-Conversion Mixer
3.2.1 Circuit Design andimplementation

The mixeris one of thebasicRF circuits, which performs the dovaonversion and up
conversion by multiplying two different signals. Tharethree basiconfigurationsof

active mixers: singlended, singkbalanced, and doublealanced[77]. These three
mixer topologies have their advantages and disadvantages. The -esidghkd
configuration comes to the forefront with features sagtower power consumption, less

LO power requirements, and design simplicity. However, it suffers from some
performance deficiencies, particular,a lack of isolations between the RF and LO ports,
the LO and IF signals, and the RF and IF pdds.thecontrary the doublebalanced
mixer topology has significant drawbacks, including the higher power consumption and
the desigrcomplexity, althought is capable to completely solve the isolation deficiencies
that cannot be handled by tlngleended confjuration. In addition, the double
balancedmixer configurationrequires two baluns that convert the input RF and LO
signals to balanced RF and LO signals. The sibglanced mixer can be considered in
the middle of these two topologies, in terms of theoBFormances and the requirements.
For instance, its power consumption and LO power requireanelgss than the double
balanced mixer, but more than the sinrgieled mixer. Furthermore, it needs just one
balun, which is employed to convert the unbalanic® input to the balanced signal for

the switching LO pair. Moreover, it significantly suppresses the signal leakages from LO

port to RF port as in the doubtelanced configuration.

In essence,-parameter measurement da@ considereds a kind of sinig-tone test.
Therefore, there must be a single signal coming into the port of the device under test.
addition the LOto-RF leakage of the mixer would degrade the accuracy of the
measurement since theakaged.O signal would produce an undesired Igrsil in the

other receiver in the reflectome{@8]. For this reason, it is very significant to suppress
the leakage between the LO and RF ports of the mixer. With all these considerations in
mind, the singleended topology was chosen to perform dasenversion. The detailed
circuit schematic of the desigd W-band singlebalanced dowatonversion mixelis
shownin Figure 69. The designed circuit includes Marchandbalun and an of€hip
wideband discretd- 3:1 transformer (WBE3TL) in addition to the singlbalanced core.
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The tall transistor (Q1), which is tieE driver stage, converts the incoming RF voltage
signal into a current signal, and then the switching differential pair multiplies this current
signal by the incoming LO signal. Thence, the conversion gain of the mixer strongly

depends orthe transconductance and the parasitic capacitafices [ #A) of the tail

transistor. Therefore, the transistor was biased whef@ issmaximum.The opimum

number of the transistor was found by considering the input matching of the driver stage

(RF input). The tail transistor was degenerated by an inductive impedance to set the real
part of its input i mpedance t oimpbolegthe and a

linearity.

On the other hand, the LO switching transistors were biased &léiseB point to

perform switching as ideal as possipi€]. The optimum LO power was found to &

dBm to acquire better conversion gain performance. The number of the transistors were
optimized to provide better LO input matching. The inductivetemiegenerations were
utilized to set the real part of the input impedanceaahswitching transistor (Q2, Q3)

to 25q thanks to that the collector node

switching differential pair.

The leakages of theO and RF signals to IF portgere eliminatedy placing a shunt

capacitor of 550 fF at the output eachswitching transistor. The supply voltage ()
wassuppliedd hr ough the resistors of 2509 instea
are requied to provide high impedance at the IF frequency of 300 MHz, and-ahipn

inductor of around these values would occupy an incredibly large areaespibtrto the

mixer itself. However, the resistive load would dramatically reduce-tii2 dompression

point of the mixer. Therefore, the resist.
voltage drop, considering also the output impedance matching. The differential IF output

was converted to singlended output using an efhip 3:1 wideband transformer

However, the IF output was taken singlededly in the frequency extension module, as
depicted inFigure 70, to avoid large areas of passive balumsl dhe high-power
consumptions of the active baluns, and meanwhile the other IF output was terminated
with anoac hi p resistor of 50q. The LO signa
differential pair transistors by the designed Marchand balun that coofstete quarter
wavecoupled line pairdrigure71 shows the simulated EM results of the amplitude and

phase balances of the designed Marchand balun. The amplitude balance is better than 1

dB and the phase balance is g 2 over the Wband.
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Figure 69 Detailed circuit shematic of the wband direct dowstonversion mixe

(Electrical lengths of the transmission lines are given for 94 GHz).
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Figure 70 Detailed circuit schematic of the ¥Wand direct dowstonversion mixe
inserted into thérequency extension module (Electrical lengths of the transmissio

are given for 94 GHz).
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Figure 71 Simulated amplitude and phase balances of the designed Marchand b:

All the transmission linewere implementeds microstrip lines with Top Metali2Vietal

1 configuration. Parasitic capacitances due to the RFweansincludedn the RF and
LO portso i nput FRulohieaeatmornagnetio EMEsimulatigns were
performed by ADS MomentumThe MIM cagcitors were utilized to perform DC
blocking and ACgrounding. The 3D layout view taken from the electromagnetic
simulation setup of the Wand singlébalanced dowstonversionmixer is shownin

Figure72.

Figure 72 3D layout view taken from EM simulation setup oftvénd singlebalance

down-conversion mixer.
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3.2.2 Simulation and Measurement Results

The chip photo of the designed-iénd singlebalanced dowatonversion mixeis shown

in Figure73. The overall integrated circuit occupies an areaof 0.54mM. 94 mm [ 0.
mm), the effective chip area, excluding the pads, is0.37(mtm. 82 mm | 0. 45 m
total quiescent power consytion is 13.8 mW. As depicted Figure69 andFigure70,

two different PCB boardsvere fabricatedAn off-chip wideband (@ GHz) IF 3:1
transformer (WBGE3TL) was mountedio one of these and the measurenvesd takenn

this way. On the other PCB board, one of the outputs of the mixer was tedniyate

di screte 50q so that t hendedlyFigweaird ghaws theva s me
experimental test setup for the measurements of tHeahd dowrconversion mixer.

Two VDI WR10 frequency extension modules were employed to perform the frequency
multiplications of RF and LO signals. In the meantime, Keysight N5224A VNA
configurated with these frequency extension modules was used to track the power level

at the RF and LO ports of the designed mixer. Since the number of the VNA's signal
sources is not enough fmerform the measurement tfe mixer, an external signal
generator, with is Keysight E8257D, was configurated with the VNA using the GPIB
interfaces. By this way, the mixaras fedwith continuously and simultaneously RF and

LO signals. Also, th&eysight E4448A spectrum analyzer was used to determine the

power level at thé~ output of the designed mixer.

STl & & &

pleleivi ole

Figure 73 Chip microphotograph of the designedMa nd mi xer (1. .
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Figure 74 Experimental test setup for the measurements of the desig+iethtivhixer.
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Figure 75 Simulated and measured conversion gains versus LO port power (IF i
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First, the effect of the LO port power on the conversion gain was examined to find the
optimum LO power level of the designed mixer. The frequencies of the RF and LO signals
were fixed 92.5 GHz and 92.2 GHz, respectively, to set the IF frequency to be 300 MHz.
The power at the LO port of the designed mixas swepfrom -10 to 0 dBm with 1 dB
steps.Figure 75 shows the simulated and measured conversion gairssis LO port
power. The conversion gain steadily increases until the LO powe4 dBm. The
optimum LO power level was found to bedBm for both singlended and differential
output. The conversion gain remains almost constant for the LO power dé\edgher
than-4 dBm. As can be seen frdfigure?5, for singleended, the difference between the
simulated and measured results is about 1.5 dB& difference catbe attributedo the
losses of the bondire of 5 mm in the package, the SMD-blocking capacitor, and the
boardto-connector transition. This difference is about 2.8 dB for the differential output,
and thedifferenceof 1.3 dBwith respet tosingleended version is most likely due to the

insertion loss of the used transformer.
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Figure 76 Measured IF output power versus RF port power (IF fixed at 300 MK

fixed at 92.5 GHz, and LO power fixed-dtdBm).
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Second, the input referreddB compression point of the designed mweas testedThe
frequencies of the RF and LO signals were fixed 92.5 GHz and 92.2 GHz, respectively,
and the LO port power wdixed to be-4 dBm.Figure76 shows the measured IF output
power versus RF port power. The measured input referd8l dompression points of

the singleended and differential output mixers were found tedb@ dBm, and it is same

for both versions as expected. Third, the differeretevéen the RF and LO frequencies
was seto 300 MHz, and the LO port poweras fixedto -4 dBm. The RF port power was

set to be less tha@0 dBm along the Whand to ensure that the mixer does not compress.
Figure 77 shows the simulated and measured conversion gain performances across the
entire Wband. Thaneasuregmaximum conversion gains were found to be ab?wB
and-5.7 dB ataround84.5 GHz forthe differential output and singended mixers,
respectively. The conversion gains of them remain ab&8edB and8.2 dB across the
whole W-band. It means that both of therohievea 3-dB bandwidth of at least 35 GHz.
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Figure 77 Simulated and measured conversion gains versus RF Frequency (IF
300 MHz, and LO power fixed ad dBm).

90



S-parameter measurements of the designedavwd dowrconversion mixerwere
performed by Keysight N5224A PNA whose frequency extended-thl®5GHz using

VDI WR10 frequency extension modules, as can be seen frofighee 74. Two-port

SOLT error correction was done using a Casddaeotech ISS (13857) to shift the
reference plane to the ports of the designed mixer. The power at the RF input port of the
mixer was set to be less th&® dBm over the Wband to guarantee thidte mixer is not
compressed, and the LO port power was fixed te4@Bm. Also, the frequency of the

IF outputwas fixedto 300 MHz. Figure 78 shows the simulated and measured s
parameters of the input ports of the designed mix®can be seen froffigure78, there

is agood match between the simulated and measupedtasneter results of the mixer.

The measured return loss of the RF input port of the mixer is better than 10 dB across the
W-band. Also, thaneasuredeturn loss bthe LO port is greater than 10 dB in the
frequency range of 78 GHz to 110 GHz.

U 1 l L] l 1 ' 1 l L] l L] ' 1
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Figure 78 Simulated and measuregbarameters of the input ports of the designed n
(IF fixed at 300 MHz, and LO power fixed @ dBm).
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Figure 79 Simulated and measured HO-RF isolation of the designed mixer. (IF fi
at 300 MHz, and LO power fixed at dBm).

The simulated and measured +®RF isolation resultare presenteth Figure79. The
measured LAo-RF isolation of the mixer is better than 40 dB over thdakd. This
discrepancy caibe attributedto that the simulatiompprogram does not solvihe 3D

structure of the designed Marchand balun accurately

3.2.3 Comparison

Table 8presentshe summary of the performancemparison of the designed mixer with
previously reported W and mixers implemented in silicon technologies. All of the
publishedstudies, whictare includedn the comparison, consists of the mixer cores and
IF buffer amplifiers.This results in higher conversion gain performaniet it also
reduces the input referred-dB compression point or increases the DC power
consumption. The designed-Béand singlebalanced down conversion mixer achieves a
3-dB bandwidth of 35 GHz. Totheauth® s b e st knowl edge, t

single work that completely covers wholehEnd frequencies.
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Table 8 Summary of performance comparison of the designed mixer with
previously reported Wand dowrconversion mixers implemented in silicon

technologies.

Center | Conv. | 3-dB
. IP1dB Poc PLo
Tech. Freq. | Gain BW
(dBm) | (mW) | (dBm)
(GHz) | (dB) | (GHz)
op | O13mSIGe | o 1 07 | 6 8 22 | 10
BICMOS
gop | OEmSiGe | gy |39 | NA | NA | 22 | 7
BiCMOS
g1 | 08 mSiGe 1o b og | NA | -147 | 96 | -4
BiCMOS
g1 | O8mSiGe | oy | 45 | nA | -107 | 96 | 6
BICMOS
gop | O13mSIGe | g5 | 108 | 4 NA | 57 | -3
BICMOS
This i -2N
013mSiGe | g45 3% | 96 | 138 | -4
Work BiCMOS -5.7%
" Including IF bufferamplifier.
Nincluding off-chip 3:1 transformer.
ASingee nded, one of the outputs is terminated by 50¢q.

3.3.  Frequency Quadrupler
3.3.1 Circuit Design and Implenentation

Frequency multipliers, which perform the frequency multiplication operations, are one of

the essential blocks in the RF freemid circuits. The detailed circuit schematic of the
designed frequency multiplier is presentedrigure 80. An active balanced frequency
multiplier configuration was utilized to perform the multiplication of the frequency of the

input signal by four. Thatisalsowhysti t er med as @foThedesignedy qu a
frequency quadrupler, which consists of a transformer based passive balun and
differential transistor pair, receives the signals between 18 and 28 Gliban(K and then

produces signals between 72 and 112zGQM/-band) using their fourth harmonics.
Therefore, the input part of the circuit was optimized for tHeakd, and the output part

of the circuit was designed for the-Bénd. The unbalanced input signal is converted to

a balanced signal through the tramsfier based passive balun. The 3D layout view of the
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Figure 80 Detailed circuit schematic of the designed frequency quadrupler (Ele

lengths of the transmission lines are given for 94 GHz).

designed balun is shown kigure81. Two different conductor layers (Top Metaland

Top Metall for the primary and secondary windings, respectively) were utilized to
implementthe overlay transformer with aflctor of 0.7783]. Theselfinductance®f

the primary and secondary windings are approximately 320 pH so that the turn ratio of
the transformer is unity (1:1frigure82 shows the EM simulation results of the amplitude
and phase differences of the transformed. The amplitude difference is less than 0.25 dB,
and the phase difference is approximatelyJla&@ass the entire the frequency range of

18 to 28 GHz withan error ofess than 0.5 The transistors in the quadrupling stage (Q1
and Q2) were biased at the Clsbias point to enrich their output currents in terms of
harmonic content$84]. The number of the transistors were determined to be x4 by
considering the output power and the input matching. The optimum power value of the
input signal was found to be 5 dBm, taking th&sl of the passive balun into account. The

collector nodes were connected to each other to combine the even harmonics, and this
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node will be virtual ground for the odd harmonics so that the odd harmonics can be
significantly suppresse@5]. The third and fifth harmonics of the frequergaydrupler
would causesignificantdegradation in the accuracy of the measurement that would be
performed by the figuency extension module since they wio bein the frequency
range of interest. Therefore, the elimination of the-bddnonics is very important to
reduce the systematic errors in th@asameter measurement. This is also the most

important reason fazhoosing the balanced configuration in the frequency multiplication.

Figure 81 3D layout view taken from EM simulation setup of the designellaic

transformed based balun.
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Figure 82 Simulatedamplitude and phase balances of the designbdri transforme

based balun.
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Figure 833D layout view taken from EM simulation setup of the frequency quadr

Efforts were made to ensure that the circuit is as symmetrical as possible throughout the
design of the frequency quadrupler circuit. All the transmission lines were implemented
in microstrip from with a Top Metal 2 Metal 1 configuration. Parasitic capiances due

to the RF pads were included into the input and output impedance matching networks.
Full-chip electromagnetic (EM), harmorb@lance and transient simulations were
performed on ADS Momentum. The MIM capacitors were used to perforshl@gRing

on the signal paths and bypassing on the feed lines. The 3D layout view taken from the
electromagnetic simulation setuptbé designetialanced frequency quadrupler is shown

in Figure83.
3.3.2 Simulation and Measurement Results

Figure84 shows the micrograph of the designed frequency quadrupler circuit. The total
IC occupies an area of 0.56 rAmndthe effective area is 0.41 mMpexcluding the pads.

The total power consumpti is 44.8 mW whileapplyingan RFinput signal of 5 dBm.
S-parameter measurement of the frequency quadrupler circuit was performed by Keysight
N5224A PNA. Oneport SOL calibration was performed by as ISS from Cascade
Microtech to move the reference plaoethe probe tip. The power at the probe tip was
set to be approximately 5 dBm at the center of thband. The simulated and measured
s-parameters of the frequency quadrupler circuit were present&igime 85. The
measured S11 is better th&ndB along the entire Vdand. The simulated and measured
output powers (4 harmonic) of the frequency quadrupler were showRigure86. The
measured peak output power is about 1.5@B 95 GHz, and it is greater thahdBm

over the Wband.Figure87 shows the simulated and measured harmonic levels relative
to the4™ harmonic signal. The second, third and fifth harmonics could not be measured
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since our measurement setuped not cover the frequency ranges of these harmonics.
The fundamental signal is suppressed better than 28.5 dB alonghihadV
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Figure 85 Simulated and measuregbarameter results of the frequency quadrupler
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Figure 86 Simulated and measured output power of the frequency quadrupler.
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3.3.3 Comparison

The performance comparison of the designed frequency quadrupler with previously
reported Wband frequency multipliers implemented isilicon technologies is
summarized inTable 9 It achieves the maximum output powawsmparedto other

frequency multiplier circuits implementedsilicon technologies.

Table 9 Summary of performance comparison of the designed frequency
quadrupler with previously reported -Wand frequency multipliers implemented in

silicon technologies.

fo
Freq. Pin Pout Poc
Tech. XN sup.
(GH2) (dBm) (dBm) (mw)
(dB)
[86] 65nm CMOS| 7388 | x2 -4 -3.2 -8.2 | >19 14
[87] 65nm CMOS| 75110 | x2 5 -11 >20 13.8
[88] 65nm CMOS| 75110 | x4 10 -14.3 >30 16
o] | 018 MSIGel g5100| x3| 0 105 | >20 | 78
BIiCMOS
This i
013mSiGe| 75110 x4 | 5 15 6 |>285| 448
Work BiCMOS

3.4. Buffer Amplifiers
3.4.1 Circuit Design and Implementation

The input impedance of the following stage of the frequency quadrupler has a significant
impact on the output power of the frequency quadrupler circuit. This would significantly
reduce the accuracy of thgparameter measurement since the input impedaintteo
device under test would change the output power of the frequency quadrupler at the RF
path of the frequency extension module. Therefore, an amplifier mggh reverse
isolation was employed as a buffer stage to eliminate the dependence of thpougut

of the frequency quadrupler on the input impedance of the following stage. A cascode
configuration was utilized to acquire high reverse isolation performance since the cascode

transistor reduces the effect of thethe capaitance ofthe CE transstor on the overall

transfer function of the amplifier.
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Figure 88 Detailed circuit schematic of the singgeage Whand buffer amplifier, whic
is at the RF path. (Electrical lengths of the transmission lines are give @irz).

Figure 88 shows the detailed circuit schematic of the designed sstgige Wband
amplifier which is used at the RF path. As presentedati@&e3.3, the simulation results

show that the average output power of the frequenagrgipler acuit is around3 dBm

over the Wband. A power of O dBm at the output of the frequency extension module
was aimed to achieve a high dynamic range. Therefore, assuming an insertion loss of 2
dB for the dualirectional coupler, the amplifier should havgain of 5 dB with an input

1-dB compression point greater the&sxdBm. For this reason, the collector current was

set to provide theequiredinput 1-dB compression point and required gain, and it was
also optimized to not increase the noise figure tahrfor the unit emitter size. The
number of the transistor was found to be x8 considering the required output power level.
The inductive emitter degeneration (35 pH) was utilized to set the real part of the input

i mpedance to 50q. dlitpetimpedanceiwasaangelegpoatrugsinga f t |
series inductor of 55 pH at the base of @tetransistor. It shouldbe also nted that the
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designed amplifier behaves as a baads filter for Wband. By this way, the second
harmonics of the frequency adruple (36-56 GHz) are suppressed.

As stated in Sectio8.2, the optimum power of the LO signal of the designed mixer was
found to be4 dBm, accordinga simulation results, and the conversion gain of the mixer
remains almost constant for LO power of greater tdadBm. Assuming an insertion

loss of 3.5 dB for the power divider which is at the LO path of the frequency extension
module, and an insertionds of 2 dB due to the interconnection transmission lines, the
output power of the buffer amplifier at the LO path must be at least 1.5 dBm across the
entire W-band.

Vee Vee
760 fF Q /), 760 fF Q 1),
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»VCC=3.2V
»VCAS=26V
»VBB=112V

Figure 89 Detailed circuit schematic of the doutstageW-band buffer amplifier, whic
is at the LO path. (Electrical lengths of the transmission lines are given for 94 G

The simulation results of the frequency quadrupler show that the minimum output power
is around-4.5 dBm across the Wand. Thereforethe buffer amplifier should have a
minimum gain of 6 dB and an outputdB compression point greater than 1.5 dBm.
Taking into account a deviation of 2 dB which may occur in these performance
specifications after fabrication, a dousiage buffer amplifie was designed by
cascading the singlstage amplifier which is used at the RF pd&igure 89 shows the
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circuit schematic of the doubitage buffeamplifier which is used at the LO path of the

frequency extension module.

All the transmission lines were implemented in microstrip form with Top Méatafigtal

1 configurationand all of them were meandered to reducectiip area. The inductors
were inplemented using thEop Metal 2 layer. Parasitic capacitances due to th@&is

were included in the input and output impedance matchings. The MIM capacitors were
used to perform D@locking and ACGgrounding. ADS momentum was used to perform
the full-chip electromagnetic (EM) simulation&igure 90 shows the 3D layout view
taken from the electromagnetic simulation setup of the designed-stagke amplifier.

Figure 90 3D layout view taken from EM simulatiosetup of the singlstage Whanc

buffer amplifier.

3.4.2 Simulation Results

Figure 91 shows the simulated-garameter results of the singleage Wband buffer
amplifier. The maximum gain is approximately 5.8 dB at 100 GHz, and its minimum
value is 4.5 dB across the-Wand. Tle input return loss is better than 12 dB over the
whole W-band, and the output impedance matching can be considered as an acceptable
level. The reversesolation is about 32 dB along the frequency range of interest thanks

to that the cascode topologgfiminatesthe effect of the CB capacitance of tG&
transistor. The relationships between the input and output power of the stisggeand

double stage amplifiers are depicted-igure92. As can be seen from the figure, both
amplifiers have a saturated output power of 6 dBm. The input refedBdcbmpression
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points of the singlstage,and doublestage amplifiers arel.5 dBm and 6.5 dBm,

respectively
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Figure 91 Simulated sparameter results of the singieage buffer amplifier.
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Figure 92 Simulated input power versus output power of the sistiige and doubi

stage amplifiers.
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3.5. Dual-Directional Coupler
3.5.1 Circuit Design and Implementation

A directional coupler is a foyport passive circuit that samples the incident wave to the
coupling port. The directivity of the coupler, which is used in the reflectometer part to
sample transmitted and reflected signals, has a significant impact accthagy of the

s-parameter measuremggo].

As shown inFigure93, a quartewave coupled transmission line can be utilized to build

a directional coupler by terminating the isolated pdftgdo r t ) wi t h a 50q
it allows sampling only irone direction On the other hand, a quarigave coupled
transmission line cabe alsoemployedto sample both forward and reverse directions
simultaneously However, in this configuration, the isolation, hence directivity, of the
coupler depends on the impedance matchings at the coupling porisap&dance
mismatch at the coupling ports would significantly degrade the directivity of the coupler.
For this reason, two directional couplers were connected back to back by terminating their
isolation portswithort hi p r esi st or s adte tie @ependence of thel e r
directivity on the port matchings, and this coupler configuration is knowduak

directionalcoupler.

The even and odd characteristic impedances of the coupled lines were determined to
obtain a coupling of 10 d®1]. The 3D layout model of the implemented ddakctional

coupler is presented Figure94. The coupled transmission lines were implemented using
microstrip lines with Top Metal 2 and Metal 1 configuration, and they were meandered
to reduce overall area. Fdhip electromagnetic (EM) simulations were done using ADS

Momentum.

Coupled Isolated

W /"

7% e

Input Through

Figure 93 A singlesection coupledine based directional couplg1].
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3 4
Figure 94 3D layout view taken from EM simulation setup thfe W-band dua

directional coupler.

3.5.2 Simulation Results

The simulated insertion loss and coupling values of the designedidetional coupler

is presented ifrigure 95. The insertion loss is about 1.7 dihdthe average coupling
value is approximately 10.2 dB across theb#nhd.Figure 96 shows the isolation and
directivity of the designed dudlirectional coupler. The directivity is around 20 dB over
the W-band.
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Figure 95 Simulated insertion loss and coupling performances of thedigtiona

coupler.
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Figure 96 Simulated isolation and directivity results of the ddaéctional coupler.

3.6. Wilkinson Power Divider
3.6.1 Circuit Design and Implementation

A Wilkinson power divider is a thregort passive circuit that splits the incident wave into
two equalphase output waves. The Wilkinson power divider lsamlso utilizedo split
the incoming signahto different amount§9d1], but an equal division was utilized for this
design. s powers arbitrary. It consists of two quastave transmission line transformers

and a resistor ottpat80g bet ween the outp

Figure 97 shows the circuit schematic of the designedbaid Wilkinson power divider.

The 3D layout model of the implemented power divideshown inFigure 98. quarter

wave transmission lines were implemented using microstrip lines using Top Metal 2 and
Metal 1 configuration, and they were meandered to avoidlaige area. Fulchip
electromagnetic (EM) simulations were performed using ADS Momentum.

o (¢]
S S0Q10 ,

A
500 10° |
£100 Q

AMA

50Q 10°

% 3

Figure 97 Circuit schematic of the designed Wilkinson power divider.
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Figure 98 3D layout view was taken from the EM simulation setup of thbaid due

directional coupler.

3.6.2 Simulation Results

Figure 99 shows the simulated insertion losses and isolation results of thand/

Wilkinson power divider. The insertion loss is approximately 3.4%d®ss the whole

W-band, and as can be seen, the power split ratio is almost the same. The maximum

isolation was found to be almost 33 didits minimum value is 18.5 dB at the lower

edge of the frequency range of interest. As can be seen frofighee 100, which

presents the simulated return losses performance of the power divider, the port

i mpedances pretty match to 50q.
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Figure 99 Simulated insertion losses and isolation results of the designed power

107



-15 L] l L} l L} l L} ' L) l L} l L)

S11 & S21 & S33 (dB)

-35 L] l L] l L] l L] l L] l L] l L]
75 80 85 90 95 100 105 110
Frequency (GHz)

Figure 100 Simulated return losses of the designed power divider.

3.7. Frequency Extension Module
3.7.1 Implementation

The designed sublocks (downconversion mixer, frequency quadrupldouffer
amplifier, duaidirectional coupler, and Wilkinson power divider) were assembled to
build a frequency extension module whose detailed block diagram is sh&iguie66.

The 2D layout view of the implemented frequency extension module is presented in
Figure1l01l The transmission lines which are used to carry RF signals between the sub
blocks were implemented as grounded coplanar transmission lines that configurated as
follow: Top Metal 2 for top lines, Metal 3 for ground dawith viawalls from Metal 3 to

Top Metal 2. This enabled to use Metall and Metal 2 layers for DC routings. In order to
reduce the insertion losses of the interconnection transmission lineloskb were

located as close as possible to each othereSimcinputs and outputs of the galbcks

were matched to 50q, any i mp e dbdockswasnohat c hi r

used.
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Figure 1012D layout view of the implemented Wand frequency extension module
VNASs.

3.7.2 Characterization

Figure102 shows the chip micrograph of the frequency extension module designed for
VNAs. The total chip occupies an area of 5.94nimcluding the other designs. The total
power consumption is approximately 4&0ON while applying both RF and LO input
signals. A quagrobe (GSGSGSGSG, DB-40 GHz) which is custom manufactured by
Cascade Microtech to characterize the shoylig frequency extension module was used
either to apply the RF and LO input signals (RFin and LOin) and to measure the IF
reference and test sigls (IFref andlFtes). The DUT port was connected to the

measurement instruments or the DUTs by the WR10 GSG probe.

The experimental test setup which was used to determine the output power of the designed
frequency extension module is depictedrigure103 The RFin (18.727.5 GHz) and

LOin (18.67527.425GH2z) signals were applied by Keysight N5224A PNA. The output
power was dowstonverted by a Whard downconverter mixer which is configurated

with an active multiplication chain (AMC) and Keysight E8257D signal generator. The
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down-converted signal was measured using Klegsight E4448A spectrum analyzer.
Figure 104 shows the measured output power of the designed frequency extension
module. The maximum output power-&3 dBm at 95 GHz, and it is greater thdr25

dBm across the Wand. The averagaoise floor of the DUT port was found to HELO

dBm for an IF resolution bandwidth (RBW) of 10 Hz. Consequently, the designed

frequency extension module achieves a dynamic range ef108B over the \Aband.
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Figure 103 Experimental test setup to measure the output power of the de

frequency extension module.
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Figure 104 Measuredutput power of the designed frequency extension module.

Figure 105 depicts the experimental test setup which is used to determine the input
referred1-dB compression point of the designed frequency extension module. A 92.5

GHz, the center of the frequency range of interessitiralwas applied to the DUT port

of the frequency extension module. This applied signal was sampled and then down
convertedo IF signal to determine its power. In the meanwhile, the IF test signal of the

designed frequency extension module was observed by the IF receiver of the VNA. The
relationship between the power of the DUT port and the power at the IFmeas port is

shown h Figure106. The measured IP1dB was found to be about 1.9 dBm.
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Figure 105Experimental test setup to measure the inglgtrred 2dB compression poi

of the designed frequency extension module.
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Figure 106 Measured power of the IFtest port versus the power of the DUT port.

The directivity of the designed frequency extension module was determined as follow.
First, the DUT port was terminated with apencircuit using the WR10 calibration kit,

and the IF reference and test signals of the designed frequency extension moeule we
measured. The power difference between the IF reference and test signals gives us to the
conversion gain difference between the reference and test receiver channels of the
designed frequency extension modul €l0 Aft el
calibration kit was connected to the waveguide interface of the WR10 probe, and the
power of the IF reference and test signals were measured again. Consequently, the
directivity can be found by dembedding the conversion gain difference from the power
difference at the second configuration (match lo&#jure 107 shows the measured
directivity of the designed frequency extension module. The peak value of the directivity

is about 23 dB, and it remains above 10 dB across timahd. The degradation in the
directivity of the singlechip frequency extension moduleatle to the directivity of the
dualdirectional coupler can be attributed to the mismatching which might arise due to

the used WR10 probe and the parasitic capacitances of the pads of the DUT port.
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