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ABSTRACT

Broadband signal generator is an indispensable module for broadbandriSix-P
Reflectometer (SPR). To integrate a whole SPR system dnpathe source must be
compact. In this thesis, a three-stage voltage-controlled osci(d@®D), using two
parallel weak invertor-chain oscillators and sense amplifiegs,dposed and designed in
a 0.13 pm CMOS process. These two parallel weak inverter-challatoss extend the
low frequency operating range and the sense amplifiers expantighefrequency
operation. The measurement results show that the oscillatdrecamed from 430 MHz
to 12 GHz, which satisfies the targeted SPR operating frequency range.

In order to expand the operating frequency band of the SPR,raduation of
the tuning mechanisms is necessary. Inductors and capacitorthearevo basic
components for the circuit modules of an SPR. Varactors are prowgeorocess
vendors. In this thesis, a novel differential active inductor is propasegdrglemented
in a 0.13 um CMOS process. The measured self-resonance fregquénGy1z, which is
the highest self-resonance frequency published thus far for aediitd inductor. The
proposed structure is further improved by adding a symmetricaltinegesistor. Post
layout shows a 10 GHz self-resonance frequency.

A power divider is a common module in the SPR and microwave t&§réiinew
lumped-element power divider structure, which presents the s#brigkerance to
parasitic resistors in capacitors and inductors, is proposed alydeahan this thesis by
even- and odd-mode method. Varactors and the above-mentioned active indwgtors a

used to build the proposed power divider. The circuit is designed in a ;hIBMOS



process with a core area of 300 pmx265 pm. Post layout simulatids giguning range

from 1 GHz to 7.5 GHz.
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CHAPTER ONE
INTRODUCTION
The six-port measurement technique was introduced in 1977 by Glendn EBng
the National Institute of Standards and Technology [1.1]. The basigytis in a linear

six ports network, as shown in Fig 1.1, the following relationships exist:

b, = Aa,+ Bh (1.1)
b, =Ca + Db, (1.2)
b, = Ea,+ Fh (1.3)
b, = Ga, + Hb, (1.4)

wherea; andb; are the reflective waves and complex incident at poA-Pl are complex

SR
3 @F_l— Six-Port |_FTO &
.l éﬁa@ . A)T

Fig. 1.1 Block diagram of six ports network.iB connected to the power sourcgFp
are the power measurement ports ant BFevice under test (DUT) port.

constants.




The power responsk; (i=3, 4, 5 and § at port B-Ps can be obtained from

equations (1.1)-(1.4) and are shown in the following:

P,=|A’[b)’[r - g (1.5)
P, =[D*[b’[r, - a)° (1.6)
R =|E|b[Ir - q° (1.7)
R =[G [b/* T - g (1.8)
B D F H
FL:%lqsz_z\!ch:_glqs__E)qe__a (1.9)

If P4 is treated as a power reference port, then the powerRdtg (i=3, 5, 6.)

are shown in the following:

2 2
B_AL-% (1.10)
th D FL_qzl

2 2
L L (1.11)
th D FL_qzl

2 2
L S L L (1.12)
Rt D FL_qzl

The parameters, three real and four complex valygs$i4, gs andgs), which are
frequency-dependent, can be decided by a calibration procedure wHichotvibe

detailed in this thesis [1.2]-[1.4].



To simplify the algebraic process to obtain the parameters iatiegs (1.10-
1.12), a match condition at source porigalways desired. Rs isolated with P(which

meansC=0). Then the power ratios are:

P, |A]

==(5| IFo-af (1.13)
4

R |E] 2

5 =I5 L%l (1.14)
4

R |G[ 2

5 =Ip| L%l (1.15)
4

The constants in equation (1.13)-(1.15) can be determined by doing toatibra
[1.2]-[1.4]. Then the reflection coefficient of the DUT can be obtalmedheasuring the
power at the RPPs. The performance of the SPR is determined by the distributiopn of
according [1.5] and the optimum conditiondgr{L.5 andarg(q)-arg(q)zlzd). The six-
port is still considered functional as long as the phase ditfeseof two g-points do not
drop below 48[1.6]-[1.8].

Many applications of six-port beside SPR for scatting parammeasurement
have been published. Six-port wireless communication receiverepoead in [1.9]-
[1.11] and cancer detection are presented in [1.12]-[1.13]. The sixgqorlso be used
in complex permittivity measurement [1.14] and as six-port int@nieter (SPI) radios
[1.15].

The SPR has been built in many forms. The classic structurédn whins close

ideal property (The magnitude apg, gs and Qe arey2, 2 and 2 respectively; the



differences of their phase angles are’13%, 135 respectively; the structure also has
relatively broadband operating capabilities.) isesgnted [1.16]. The bandwidth is
important since it has been one of the limitatioh§SPR in comparison with heterodyne
architectures. Two lumped-element SPRs composedsigtors in MMIC technologies

and owning multi-GHz bandwidth are introduced in6]41.7]. Since the bandwidth is

increased at the expense of large power loss whitidecrease the sensitivity of the

SPR, then finding a solution to extend the opegdbandwidth of six-port is necessary.

According to Fig 1.1, a broadband source geneiatimdispensable. To integrate
the SPR on a chip, the structure must be comp&et LT oscillator presents better noise
performance than the relax oscillator, but the afen frequency bandwidth is a
limitation even through there is some progressg[t[1.19]. Since our target does not
have strict requirements to the phase noise aotithe communication circuit, then the
ring oscillator may be a reasonable choice.

In Chapter I, which is a paper to be submittechosel delay cell with a sense
amplifier used to boost the maximum frequency ppsed and analyzed. The proposed
delay cell is used in the design of a three-stayg oscillator. Two weak inverter ring
oscillators, which are used to extend the frequeadhe low frequency, are added to the
three-stage VCO. The circuit is implemented inz8BQm CMOS process with an area of
630 umx290 um. The measurement tuning frequengers30 MHz to 12 GHz.

To extend the operating frequency band, as forSBR&, the introduction of a
tuning mechanism is an option. Meanwhile, the tgmmechanism can filter the noise,

which may be channeled to the broadband power te¢eand increase the signal to



noise ratio. In the classic SPR structure [1.16]ygr dividers and couplers are needed.
Despite the efforts in developing compact on-chgmgmission lines to overcome chip-
area constraints [1.20]-[1.21], the lumped-elemstticture is the best choice for a
smaller area thus far. According to the presentpleairelement structures [1.22]-[1.23],
basic components are inductors and capacitors cWasaare provided by CMOS process
vendors and active inductors are research topiesréTare dozens of papers published in
IEEE even in this year.). The self-resonance frequermi¢he differential active inductor
structures reported until now are less than 4 GH24]-[1.26], which is not enough for
our target.

In Chapter Ill, which is a published paper [1.2&],novel active inductor is
proposed and analyzed. The post-layout simulagésnlts show that the self-resonance
frequency is up to 10 GHz. To verify the performana lumped-element Wilkinson
power divider with 9.5 GHz center frequency usihg proposed active inductor was
designed successfully.

Chapter 1V, which is a journal paper submitted sprés a novel lumped-element
power divider structure, which occupies smalleraatiean those in [1.22]-[1.23] and
presents strong tolerance to the parasitic resistoithe varactors and inductors. The
proposed lumped-element power divider is designeal ©0.13 pm CMOS process using
the proposed active inductors in Chapter IV. Thstyeyout simulation results show that
it can be tunable from 1 GHz to 7.5 GHz which is targest tuning range thus far. The

conclusion and discussion are in Chapter V.



[1.1]

[1.2]

[1.3]

[1.4]

[1.5]

[1.6]

[1.7]

[1.8]

[1.9]

REFERENCES

Glenn F. Engen, “The Six-Port Reflectometer: Aneftfiative Network Analyzer,”
IEEE Transactions on Microwave Theory and Technigited. MTT-25, No. 12,
December 1977.

Glenn F. Engen, “Calibrating the Six-Port Reflecaten by Means of Sliding
Terminations,” [IEEE Transactions on Microwave Theory and Techniguéd.
MTT-26, No. 12 p. 951-957, December 1978.

Ulrich Stumper, “Finding Initial Estimates Neededr fthe Engen Method of
Calibrating Single Six-Port ReflectometerdEEE Transactions on Microwave
Theory and Technique¥ol. 38, No. 7, July 1990.

Glenn F. Engen, Hoer, C. A. “Thru-Reflect-Line: Amproved techniqure for
calibrating the dual six-port automatic network lgper,” IEEE Transactions on
Microwave Theory and Techniquegol. MTT-27, No.12, p. 987-993, December
1979.

P. J. Probert and J. E. Carroll, “Design featurfeshalti-port reflectometers,Proc.
Inst. Elect. Eng.Vol.129, pt. H, pp. 245-252, Oct. 1982.

V. Bilik, V. Raffaj, J. Bezek, “Miniature Broadbandimped six-port reflectometer,”
Journal on Communicationd991, Vol. 42, no.5 p.7-14.

Jan Hesselbarth, Frank Wiedmann, Bernard Huyartwo“TNew Six-port
reflectometers covering very large bandwidth&EE Trans. On Instrumentation
and measurementol. 46, No. 4 August 1997.

X. Z. Xiong, V.F. Fusco, “Wideband 0.9GHz to 5Gliz-gort and its application as
digital modulation receiver,JEE Proc.-Microw. Antennas Propad/ol. 150, No.
4m August 2003.

Ji Li, Renato G. Bosisio, Ke Wu, “Dual-Tone Calitioa of six-port junction and its
application to the six-port direct digital millinvet receiver,” IEEE Trans.
Microwave Theory TechVol. 44, No. 1, January 1996.



[1.10] X. Z. Xiong, V.F. Fusco, “Wideband 0.9GHz to 5Glz-gort and its application as
digital modulation receiver,JEE Proc.-Microw. Antennas Propad/ol. 150, No.
4m August 2003.

[1.11] Honda, A. Sakaquchi, K., Takada, J.-l; Araki.K. Sfudy of nonlinearity calibration
for six-port direct conversion receiverdEEE Topical Conference on Wireless
Communication Technologg2003, P40-1.

[1.12] Seman, N., Bialkowski, M.E., “investigations intowadeband reflectometer for
application in a microwave breast cancer detectigstem,”|EEE Antennas and
Propagation Society International Symposium 2Q@ye(s): 275-278., July 2006.

[1.13] Seman, N., Bialkowski, M.E., “Design of a UWB 6-paoefectometer formed by
microstrip-slot couplers for use in microwave btezcer detection systemMEEE
Antennas and Propagation International Symposium 2@@dge(s): 245-248., June
2007.

[1.14] A. L. de Eletronica e Sistemas, “six-port complexrpittivity measurements36th
European Microwave conferengeage(s): 492-494, September 2006.

[1.15] Bosisio, R.G. Zhao, Y.Y. Xu, X.Y. Abielmon& Moldovan, E. Xu, Y.S.
Bozzi, M. Tatu, S.O. Nerguizian, C. Frigotf.J Caloz, C. Wu, K."New-wave
radio,” [IEEE Microwave magazin&/ol. 9, Issue: 1, pages: 89-100, Feb. 2008.

[1.16] Glenn F. Engen, “An Improved Circuit for Implemergithe Six-Port Technique of
Microwave MeasurementsJEEE Trans. Microwave Theory and Techniquesl.
MTT-25, no.2, December 1977.

[1.17] Frank Wiedmann, Bernard Huyart, Eric Bergeault,itdallet, “New Structure for a
Six-Port Reflectometer in Monolithic Microwave lgrated-Circuit Technology,”
IEEE Transactions on Instrumentation and Measurem¥ot. 46, No. 2, April
1997.

[1.18] Ulrich L. Rohde, Ajay K. Poddar, Reimund Rebel, tidllow noise low cost octave-
band hybrid-tuned VCO,IEEE Canadian conference on electrical and computer
engineering 1-4 May, 2005.



[1.19] Rohde, U. L, Poddar, A. K, “Ultra low noise low tasulti octave band VCO,”
2005 IEEE Sarnoff Symposium on advances in wired and wireless communication
page(s): 5-8, 18-19 April 2005.

[1.20] C.-C. Chen and C.-K. C. Tzuang, "Synthetic quasMTEeandered transmission
lines for compacted microwave integrated circuit$EEE Transactions on
Microwave Theory and Technique®sl. 52, no. 6, pp. 1637-1647, 2004.

[1.21] M. K. Chirala and C. Nguyen, "Multilayer design hecues for extremely
miniaturized CMOS microwave and millimeter-wavetdisited passive circuits,"
IEEE Transactions on Microwave Theory and Techniguels 54, no. 12, pp. 4218-
4224, 2006.

[1.22] David M. Pozer, “Microwave Engineering, Thrid Edit,” John Wiley & Sons,
2005.

[1.23] Hitoshi Hayashi, Tadao Nakagawa, Kazuhiro Ueharash¥hiro Takigawa,
“Miniaturized Broadband Lumped-Element In-Phase &ow ” IEICE Trans.
Electron, vol.E90-C, no.6 June 2007.

[1.24] A. Thanachayanont, A. Payne, “CMOS floating activ@uctor and its applications
to bandpass filter and oscillator design&E, Proc. Circuits Devices Sysiol.
147, No. 1 February 2000.

[1.25] C. C. Hsiao, C. W. Kuo, and Y. J. Chan, “Improveda{ty-Factor of 0.18-pm
CMOS Active Inductor by a Feedback Resistance DegsIEEE MWC Lettersvol.
12, no. 12, pp. 467469, December 2002.

[1.26] Rafig Sharman, Abu Khari A’ain, Mohd. Azmi, HuangrVZhe, “ Design Approach
for tuneable CMOS active inductorfCSE 2004 Pro 2004, Huala Lumpur,
Malaysia.

[1.27] Chaojiang Li, Pingshan Wang, “A High Frequency ThleaDifferential Active
Inductor and Its Application to Power DividersBEE International 51st Midwest

Symposium on Circuits and Syste2308.



CHAPTER TWO
SOURCE GENERATOR—A VOLTAGE-CONTROLLED DIFFERENTIAL
OSCILLATOR TUNABLE FROM 430 MHz TO 12 GHz

Abstract—n this paper, a three-stage differential voltage-controlled
oscillator (VCO) tunable from 430 MHz to 12 GHz band is presnted and analyzed.
To boost the maximum operating frequency, a sense amplifier iadded to each
ordinary differential delay cell. Then two three-stage weaknverter ring oscillators
are added to extend the tunable frequency range to the low dquency. This
structure is implemented in a 0.13 pum CMOS process and theore occupies an area
of 140 pumx40 um. The output power is -12 dBm to -29 dBm when tHieequency is

tuned from 430 MHz to 12 GHz.

l. INTRODUCTION

A compact, low-cost source with a large tuning ey a key circuit block for
integrated high-frequency systems and their apbica. Software-defined radios (SDR),
six-port network analyzer on chip (NAoC) are twaewles [2.1]-[2.2]. The latter was
proposed for broadband dielectric spectroscopy iegdmns and is the targeted
application of this work. It has been demonstrdbed discrete component LC oscillators
can have an octave frequency tuning range withrbuphase noise performance for
communication system applications. However, thoseillators occupy large areas;
therefore, they are difficult for integration [2[2.4]. On the other hand, ring oscillators

are compact and easy to integrate in CMOS techgplget their phase noise is higher



than that of LC oscillators. Nevertheless, for malislectric spectroscopy applications,
phase noise requirement is not nearly as stringsenit for communication systems.
Therefore, ring oscillators are reasonable choices.

There have been many efforts to extend the frequéncing range of ring
oscillators. By programming the number of paratléleverter rings, a turning range from
103 MHz-1.02 GHz was achieved in [2.5]. A hybridnttol scheme (tuning R and
varactors) with 12-23 GHz range in SiGe-bipolahtedogy was developed in [2.6]. A
coupled two-stage structure with frequency tunéiole 2.5 GHz to 9 GHz was proposed
in [2.7]. A new delay cell with a tuning range frd80-420 MHz was also demonstrated
by use of replica bias and one additional dischaegh [2.8]. A delay cell tunable from
100 KHz to 1 GHz was presented in [2.9], where tieximum operating frequency
depends on the supplying ability of the currentreeuNone of these circuits can cover
from a few hundred MHz to 10 GHz which is the taegefrequency range of the NAoC
development.

Here, a novel delay cell structure is presentecceAse amplifier is added to a
classic differential pair to boost the maximum batng frequency. To expand its low
frequency operation, two weak inverter ring ostilta are added. A three-stage ring
oscillator based on the proposed structure isdated in a 0.13 um CMOS process and
the measured operating frequency is tunable froonMB3z to 12 GHz.

This work is arranged as follows: the proposedydekll is analyzed in Section
II; Section IIl presents circuit design and measweet results. The conclusions are given

in Section V.
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. PrOPOSEDDELAY CELL STRUCTURE

Differential amplifiers with P latches or N latchese usually used in ring
oscillators to sharpen both the rising and falledges. The combination of the two
latches is a sense amplifier which can operategt Righ frequencies. Sense amplifiers
can be used to increase the maximum oscillatou&eges or inject the energy into the
oscillators utilizing wave phenomena. To constrastillators with sense amplifiers,
phase shifter or resonance stimuli are needed;wige the sense amplifier will get
stuck. Standing wave oscillators and traveling waseillators are examples using phase
shifters (normally by transmission line or lumpdergent transmission line) and sense
amplifiers, they can operate as high as Ku, K oifiéguency bands, but their frequency
tuning ranges are limited [2.10]-[2.11].

The proposed delay cell for broadband tunable VE€&hbwn in Fig. 2.1. A A,,

Az and A are inverters. The sense amplifier is composecr@ss coupled inverterszA
and A,. The differential amplifier is composed by;MM,, M3 and M, The sizes of
NMOS and PMOS in Aand A are about 10% of Mand M respectively. The function
of differential amplifier and A A, is similar to that of the transmission lines ire th
traveling wave oscillator. The difference is tHatre is gain here while transmission lines
incur loss. The voltage gain of the delay cellasteolled by tuning the tail current source

lo, M3 and My. As a result, the operating frequency is tuned.

11



Fig. 2.1. The proposed delay cell.

According to the operating regions of transistorg, M, M3z and M, the
operation of the delay cell can be classified mre¢hdifferent states: minimum frequency
state, when tail current sourtgs small, and M and M, are off; normal state when the
tail current source is on but not very large, anglavid M, are in the saturation states;
maximum frequency state, when the tail current@lgrsupplies maximum curreri¥;o,

is zero.
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A. Minimum Frequency State

In the minimum operating frequency environment, tdié current source is off;
M3 and M are in the cut off states too. But the transcotahees of M and M, are not
totally zero and there is current flowing betwearitt sources with double oscillation
frequency, as indicated by the dashed lines in Eity. There are DC biases supplied by
A; to A4 in both gates of Mand M, as well. For the half circuit of the delay celigt
voltage gain is-gn1x(R+1/(jwC.)), in which R is the channel resistance a@d is the
parasitic capacitance at tiaut,.. points. In a few hundred MHz, whenzMnd M, are
tuned off, 1/(jwC.) can be ignored and the phase is %18thich satisfies the phase

requirement of the Barkenhausen criteria showmuagon (2.1) [2.12]:

ZH(je,) =180, and 2.1)
IH(je,)|21, 2.2)

wherewy is the oscillation frequency andijwo) is the transfer function of the oscillator
circuit.

The transconductanag,; is very small when no DC current is flowing thrbug
M; and M. In order to ensure oscillation in the presenceadsible temperature and
process variations, the loop gain should be at l®ase or three times the required value
[2.12]. Then the gain of the present circuit mustibcreased. The simulation results
show that A and A can supply large gain for a 0.52 V DC bias as showFig. 2.2 and

start the oscillation. In this state, the operafiregjuency is determined by the parasitic
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capacitances at poinfQut,.. and the charging and discharging current abilioéshe

sense amplifier.
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Fig. 2.2. Solid line is the DC analysis of And A. Dash line isy=x. The dotted
line gives the gain at the cross point and is . V/

B. Normal State

In the normal state, Aand A can be ignored because they are small. Then the
proposed delay cell can be simplified, as showhRign 2.3. It consists of two parts with
the ability to function autonomously: the cross{ued inverter pair (Aand A) and the
tunable differential delay cell. When positive feadk is provided by MMsg, the
combined delay cell extends the high-frequency a@pey range. Meanwhile, the delay
still kept symmetrical differential structure, whican inhibit the common mode noise.

The small signal analysis is shown in Fig. 2.4.
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Fig. 2.4. Small signal model of half of the cirtcm Fig. 2.3.

Fig. 2.4 shows the small signal model of half o ttelay cell. The transfer

function of the delay cell is:

A( S) — \\/;)ut((:))
—gm,, + sGy @3)

T gMe— OMy+ 9di+ O+ Od+ O+ (G Q)

where C_ is the total capacitance at the output nd@ig;is the gate drain capacitance,
while gdn, andgmy,; are the channel conductance and transconductdricansistor M,

respectively.

According to the Barkenhausen criteria in equaf@d2), the following equation

must be satisfied:

| ~gMy + 5Gq
-0Ms— gMy+ 0dy+ Ode+ Odk+ O+ (G Q

%21 (2.4)

Then the frequency can be obtained:
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< 1\/ gnf, - B (2.5)

"7 27\ CZ+(C + Gy )’
with
B=—-gm,— gm,+ gd,+ 9ds+ o+ 9 (2.6)

whereC, is assumed to be a constant. In the numeratom wheentlss changes from 0
tO lss, max 91 changes frongMmny. min (~0) togmn1, max Because the control voltayeon
ranges from 0 to Vdd, thegd,; value ranges frongdns maxto 0. Both of them can be
used to tune the oscillation frequency. When Bidn the numerator cancels out the
gmmn12 the oscillator operates at its minimum oscillaticequency. Likewise, when the
maximum value ofgmy; is used and is 0, the oscillator operates at its maximum

frequency as shown in the following:

1 9y 2.7)
27 \|CZ +(CL+ G)
However, whergmy; andgdys are tuned, the transfer function cannot alwaysfyatihe

osc —

oscillation requirement, and they are restrictedh®y Berkenhausen criteria in equation
(2.1). For example, when selecting stage nunibe3, the phase shift of each stage is

expected to be 80then:

ZA(jw,) =60 (2.8)

Consequently, the following equation can be derivedh (2.3) and (2.8):

27 f,{CyyB+ gmy( G+ G} _f3
—gm, B+47” £C4(C+ Go)

(2.9)
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Considering the conditions for maximum frequencyedeined in the transfer
magnitude analysis, and then the following equatian be determined from equation
(2.9):

9N e
0,max 2 \/—372_ ng

Then the maximum operating frequency is determibgdequations (2.7) and

(2.10)

(2.10).
When M; is off and gdns=0, then the minimum operating frequency can be

determined:

1 \/gmil,mm—(— gMs— gm,)° 2.11)

" 2 C?
For the introduction of M Mg, M7 and M, B=0 became possible and it increases
the maximum operating frequency range. Similalg, addition of inverters A1 and A2,
M3 and M, can be turned off to achiev@mmi, min @and gdns =0, then the minimum

operating frequency. Otherwise, whery Bhd M, are turned off angm,;=0, then the

oscillator is down for O transfer function.

C. Maximum Frequency State

In high frequency operation mode, the tail currentirce, M, and M, are on.
According to the Barkenhausen criteria, there isuaplitude and a phase of the voltage
gain required to the delay cell. But in transisgtonigh frequency model, the parasitic
capacitanceCpg, Csp, andCps will affect the gain. If the total parasitic cagaace isC,'

and the resistor is signed as R', then the loatkiR'-j1/(wC."). WhenR>0, then the
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voltage gain value will be located in the seconddyant and the gain’s phase of each
delay cell is in 98~187 which can not satisfy the Barkenhausen criter®d, fér each
stage in a three-stage ring oscillator. When tmsee@mplifier supplies enough negative
resistance andR<0, then it is possible for the gain value to be tedain the first

guadrant.

[I. CIRcUIT DESIGN AND MEASUREMENTRESULTS

To verify the proposed structure, a three-stage SMfhg oscillator was
implemented in an IBM 0.18m process. The analysis in 1l shows that the deddlyhas
two input controllersVqon, controls the resistor and,, controls the current source. In
order to reduce the influences caused by the fficin of the input voltage/con andlcon
are adjusted jointly in the design. To obtain canstoutput power and symmetrical
waveforms, the DC bias of Mand M should be kept constant as possible over the
operating frequency range. So the controllersitdrtaurrent sourcécon, andVeon for Ms
and M, are combined together to kelep+1 ms~lo.

Possible external influences, such as loading lopgs, are also a concern. A
buffer was added after the oscillator to reduceetfiect of probes during measurement
and to drive a 5Q2 load. The schematic is shown in Fig 2.5. The layaod the

micrograph of the oscillator are shown in Fig. @iéh an area of 290 umx630 um.
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Weak inverter oscillator

Weak inverter oscillator

Fig. 2.5. Schematic of the implemented ring oatol.

The output waveform is measured by using a TektrddPO 7345 Digital

Phosphor Oscilloscope and is shown in Fig 2.8%8 &BHz.
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Fig. 2.6. (a)Layout (b) The micrograph of the rosgillator.

21




File l Ecit ‘ Yertical ‘ Horizifcy l Trig ‘ Display | Cursors ( Measure ‘ Mask ‘ Math ‘ MyScope ' Analyze ‘ Litilties ‘ Help 'n

T 1 1 I | T T 1 I | I T 1 1 | T T 1 1 | I T 1 1 1 I T T 1 I I T 1 I'I I T 1

L L 1 1 | L L 1 1 | | Il 1 1 I L Il L 1 L L L 1 1 L | Il 1 l 1 L | 1 l 1 L |

( &=® 200mvidiv 500 83356 | ( / 4.0mV )

Fig. 2.7. The free running oscillator waveform swad by a Tektronix DPO 7354
Digital Phosphor Oscilloscope at 2.55 GMg-Vp=570 mV.
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Fig. 2.8. Measured frequency-voltage charactesstiarying the control voltage
with 1.2 V power supply.

The frequency was measured by use of an HP 856%€tram analyzer.
Spectrum measurement results show that at a 1.2o0Wemp supply, the oscillator
frequency is tunable from 430 MHz to 9.75 GHz. Tieguency—-voltage characteristic is
shown in Fig 2.8. The maximum frequency is 12 GHthw.6 V power supply. The
power at the output of the buffer decreases frotndBm at 430 MHz to -29 dBm at 12
GHz. The power consumption including the bufferlwnlcrease from 67 mW to 109
mW. Because this oscillator is designed for a netwamalyzer on chip application,
which needs sufficient input RF powers, the bui$emecessary and it dissipates about 45

mw.
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V. CONCLUSIONS

A sense amplifier is added to the common diffesnéimplifier structure to
sharpen the rising and falling time of the delall. celThe delay cell is then used to
construct a three-stage ring oscillator. To extéhd frequency range to the low
frequency, two weak inverter ring oscillators, whagzes are about 10% of the main
delay cell, are added. This circuit is implementeda commercial 0.13 um CMOS
process. The measurement results show that itniabta from 430 MHz to 12 GHz,
which satisfies the targeted frequency tuning ramgmse analysis and power stability

improvement are needed in the further work.
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CHAPTER THREE
A HIGH FREQUENCY TUNABLE DIFFERENTIAL ACTIVE INDUCTOR AN D

ITS APPLICATIONS TO POWER DIVIDERS

Abstract-A CMOS high-Q differential active inductor is proposed in this
paper. Simulation results show that the inductance is tuable from ~ 1 nH to 100 nH
with operating frequency tunable from 300 MHz to 10 GHz. The iductor occupies
40%70 pm? in IBM CMOS8RF 0.13 pm process. It is used to design a 9.5 GHz
Wilkinson power divider. The post layout simulation using Spetre shows that, with
all ports matched to 50Q2, the return loss and the output ports isolation are better
than 20 dB with an insertion loss of ~ 3 dB. The active area ¢fie miniaturized

Wilkinson power divider is 160x170pm?, which is suitable for system integration.

. INTRODUCTION

Integrated inductors find extensive applicationsn@ny facets of radio-frequency
integrated circuits (RFIC), including impedance chatg circuits, filter circuits,
oscillators, and lumped-element power dividers. kEwsvy, CMOS passive inductors
occupy large chip areas. Their fixed inductanceuesl are inconvenient for
reconfigurable circuit module design. As a restligre have been many efforts to
implement active inductors [3.1]-[3.7].

There are two types of active inductors: singleeehdnd differential. Both are

based on the well-known gyrator-C architecture, olwhuses two transconductance
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amplifiers to convert the susceptance of the capacl to inductive impedance [3.1]-

[3.4]. A single ended inductor is shown in FidL.3The input impedance is

Z ——in . (3.1)

There are a few inherent disadvantages associatitd simgle-ended design,
including low inductance values, low quality fagt@nd narrow operating frequency
range. There have been many efforts to overcomsethienitations. For instance,
Manetakis, et. al. [3.8] introduced a regulatedcads transconductance amplifier
topology, which reduces the output conductancea Assult, the equivalent resistance is
reduced. And the quality factd, of the active inductor is improved. The grounded
inductor topology is used to implement various REIuits, including a power divider

at the center frequency of about 4.5 GHz by Lu.4820].

S ML .
I

Z

in

Fig 3.1. Gyrator-C topology for active inductors
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The differential gyrator-C active inductor topologsas proposed in [3.5]-[3.7].
Ref. [3.5] is a fully differential gyrator configation comprising two balanced
transconductors connected back to back. Ref. [8.gomposed of two back to back
differential transconductance amplifiers. The peot$ related to current differential
active inductors are limited inductance tuning e@mnd low self-resonance frequency
(only 1.06 GHz in [3.5] and 3.98 GHz in [3.7]), whilimits the operating frequency
range of the inductors.

This paper presents a new differential active imoluthat is tunable from ~ 1 nH
to 100 nH and operating from 300 MHz to 10 GHz.ndgghe proposed active inductor, a
lumped-element Wilkinson power divider is designElde circuits are designed by use of
the IBM CMOS 8RF_DM 0.13m process. The paper is organized as follows: @etti
describes the proposed tunable differential aatwdeictor. The power divider design is

presented in section Ill. Section IV concludesyhbper.

[l. PROPOSEDIUNABLE DIFFERENTIAL INDUCTOR

A simplified schematic of the proposed circuit isep in Fig 3.2. M1, M2, M3
and M4 compose the differential cascade transcdadae amplifier. For just the half
circuit, M1, M3, M5, M7 compose one gyrator-C sture and M2, M4, M6, M8
compose the other gyrator-C structure. Then thegyrator-C structures are connected
by M9, M10, M11 and M12. If the entire structurecsnsidered as a differential pair,

then M9, M10, M11 and M12 are the feedback pair&clvican boost the self-resonance
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frequency, inductor value ar@ factor. There are two controlling termindtonland
Vcon2 Vconlcontrols the gain of the differential cascade gscamductor amplifier and
Vcon2controls the gain of the common source amplifidre inductor valueQ) factor
and resonating frequency are varied by tuning therol voltageVconlandVcon2 Fig

3.3 is the small signal model of the half circditiee proposed structure.

| vee

140

Vo+ Vo-

=Y
M5 |we  e|MI1T M12
-

I
14

M3

— —
e 5
V+ V-

- f—
> -

—

M1 '_| ‘_| , ‘_l r M2

Vcon1 Vcon?2

!
i

1%L

Fig 3.2. The proposed tunable differential activuictor
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Fig 3.3. The small signal model of the half cirafithe proposed tunable
differential active inductor.

Om* IS the transconductance of transisteravid G is the capacitance of the
corresponding nodes.

From the small signal model in Fig. 3.3, the injpopedance isy, :

1
—4+ S
11 1 1 gmlgms(%+ G+ G

Yo = Sqn+€+ﬁ+—%+—%— Gs— Go— Gut 5 (3.1)

where

B=¢(GG+ GG+ G Q+ 6 Got)

R R
+c3(%+%)+ CL(—é+Tlg+ T 3.2)
.
R R R RR

Using the equivalent model in Fig 3.4, the inpup@dance is

Y, = G+ sC+

) 3.3
R+ sL (3.3)
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|
|1
]

Fia 3.4. The eauivalent model of the uctoi

From (3.2) and (3.4), the component values in thaeivalent model can be

determined.

1 1 1 1
G:E—’_E—’_E—’__Rl_gms_gm_ Gt and (34)
c=c (3.5)

Both the inductor and resistor values can be sfiaglio

L GG+ GG+ GG g

3.6

gmlgn‘5C3 ( )

N cl(é+é)+ cs(é+;>+ Q(E; E; o) -
U0 s G5

Equation (3.2) and (3.3) show that there is one a&d two poles if one ignores

G andC (for G can be zero in the design and the poles havwelationship with C). The

zero is
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1
wz=(g+gm)/cs-

(3.8)

The pole iswp. In (3.5), by subtractingmg, gm11 and tuninggms, G can be forced

to be close to zero to increa@dactor.

(cl(é+é)+ cs(é+;>+ Q(Eg E; 0))?
4CC,+CG + G G
1.1 1 1
_(E(ﬁ+§+ gms)"‘ﬁ)
(CC+ GG+ G Q)

(3.9)

By tuning gmi1 and gms through Veon1 and Veonz the pole point, inductor an@

factor can be changed. The inductor post layoutisition results are shown in Fig 3.5,

for the case where the signal amplitude is 50 nmi¢luiding the pad. It shows that its

maximum self-resonance frequency is up to 10 GHz.
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Fig 3.5. The imaginary part of inductor impedaatéifferent control voltage
conditions

II. CIRcUIT DESIGN ANDPOSTLAYOUT SIMULATION

Fig 3.6 shows a typical lumped-element Wilkinsorwppo divider with the

following circuit components:

1 Z
R=27Z,C=————  and L= 0, 3.9
% O Ttz Tt (3.9)

If the center operating frequency is 9.5 GHz witbhharacteristic impedance of
Zo=50 Q, thenR=100 Q. The capacitance should B86.9 fFand inductor should be

1.184 nH
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Fig 3.6. Typical lumped-element equivalaaetwork power divider.

Fig 3.7 shows the input impedance of the activaigtats used for the targeted
Wilkinson power divider. The results are obtairiemin post layout simulations. Two
DC isolation capacitors are used. The control gel$aareV.,n=800 mVandV.,n=785
mV. Fig 3.7 shows that the imaginary part of the tnmypedance is about 70 ohms at 9.5
GHz, which indicates an inductance value of ~ Int8 The real part of the input

impedance is 0.9 Ohms, indicatiQ¥87 at 9.5 GHz.
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Fig 3.7. The input impedance of the inductor wiga:=800 mV and
Veon=785 mV.

The differential active inductor without pads ociaspan area of about 40xjgfh?
and the power divider occupies about 160xLA® without pads. The layout of the

power divider is shown in Fig 3.8.
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Fig 3.8. Layout of the power divider

For the Wilkinson power divider, when the inputrefamplitude is 50 mV, all

ports matched to 50 ohms, and with a 1.2 V standaveer supply, the S-Parameters are
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shown in Fig 3.9. It is shown that the output pate well isolated and all the ports are

well matched.

L 4
o O

S-Parameter(dB)
)
o

-25
-30
-35
-4 .
% 8.5 9 9.5 10 10.5 11
Frequency(GHz)

Fig 3.9. The S-Parameters of the Wilkinson poweidéi.

V. CONCLUSIONS

This paper presents a novel differential activeuotdr that operates from 300
MHz to 10 GHz. The inductor is used to design a W#kn power divider at 9.5 GHz.
Post layout simulations show that the power dividerks well at about 9.6 GHz, ~ 0.1

GHz shift compared to the original design. In additto its high self-resonance
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frequency (up to 10 GHz), the inductor is tunabterf 300 MHz to 10 GHz, which can

be used in the broadband designs.
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CHAPTER FOUR
A CMOS RADIO FREQENCY POWER DIVIDER

TUNABLE FROM 1-7.5 GHZ

Abstract-A new lumped-element power divider circuit is proposedor on-
chip implementation. The circuit is compact and insensite to losses in varactors
and inductors compared with existing power divider architetures. Measurement
results of a differential active inductor targeted for tunabde power divider
applications are presented. The inductor is tunable from 500 Mz to 5 GHz with
inductance value tunable from 0.9 nH to 5 nH. The self-resonar frequency of the
inductor is as high as 6 GHz. A quality factor value of 101 at &Hz is obtained.
After adding a coupled inverter pair to improve circuit bias and quality factor, the
self-resonance frequency is boosted to 10 GHz, which is demonstihtey post layout
simulation. With the improved inductor, the proposed power dvider is designed in
a 0.13 um CMOS process. The center frequency of the powervidier is tunable
from 1 GHz to 7.5 GHz with all three ports matched to 5®). In the entire operating
frequency range, the return loss is better than 20 dB and sertion loss is about 4
dB. The circuit dissipates 6.17 mW to 21.05 mW when it is tudefrom 1-7.5 GHz
with a standard 1.2 V power supply. The core area of the power dder is 300

HMx265 pm.
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l. INTRODUCTION

Power divider is a basic circuit module for micrawasystems, including various
six-port network analyzer architectures [4.1]. Fi¢l(a) shows the basic circuit
schematic that was developed by Wilkinson [4.2]he Three-port network divides an
input into two identical output signals while prdiig isolation between the two outputs.
For integrated radio-frequency (RF) systems andlr thpplications, lumped-element
implementation of the circuit, such as the circuitsFig. 4.1(b) and (c), is necessary
despite the efforts in developing compact on-chgmgmission lines to overcome chip-
area constraints [4.3]-[4.4]. The bandwidth of tireuits in Fig. 4.1 is narrow. Multiple-
stage power dividers have been proposed to overtbimdimitation [4.5]-[4.7], which
would result in larger chip area and higher sigos$ for on-chip applications since there
is parasitic resistor in on-chip passive inductokéeanwhile, rather than a wide
instantaneous bandwidth, the operating frequenoingurange is of great interest for
some applications, such as software-defined radi8]-[4.9] and six-port network
analyzers, because narrower instantaneous bandwaltthelp improve the sensitivity of
the system. Thus far, efforts on tunable RF poviraders are limited, although a 4 GHz
to 5 GHz design was published in [4.10].

Tunable (active) inductors and variable capacitwaractors) are two basic
elements in implementing tunable power dividersa@iven embedding impedance (e.g.
50 Q). Varactors are often available from process venddowever, on-chip varactors
have limited quality factors. The associated pé&asesistance seriously affects the

performance of various lumped-element power divitarctures, as discussed in Section
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II. On the other hand, tunable inductors are actesearch topics. Therefore, power
divider circuits need to be analyzed with attentiowaractors and inductor losses.

In this work, we propose a new lumped-element tlenpbwer divider for CMOS
implementation. Section Il shows that the propgseder divider is the most compact
and least sensitive to varactors loss. The medsesllts of an inductor tunable from
500 MHz to 5 GHz are given in Section lll. The iothr can be used in the proposed
power divider circuit but the self-resonance fregpeis still not high enough for the
desired tuning range. An improved active inductoucture is also given and discussed.
Section IV describes the design of a tunable palader in a CMOS 0.13 um process

with post layout simulation results. Section V cloides this chapter.
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Fig. 4.1. Wilkinson power divider circuits with (&yo //4 distributed transmission
lines, (b) lumped-element equivalenhetwork of the transmission lines, (c) lumped-
element T-networkZ, is reference characteristic impedance.

. A NEwW LUMPED-ELEMENT POWERDIVIDER

The proposed power divider is shown in Fig. 4.2(@yether with circuit

component parameters (the analysis of the parasnsteshown in Appendix A.). Figs.
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4.2(b) and (c) are two power divider circuits rabepresented in [4.11]. They are the
most compact power divider circuit architecturebl@ned so far. The proposed circuit
in Fig. 4.2(a) uses the same number of circuit camepts with similar element values
(the two capacitors at port one can be combineetih®gy). As a result, the corresponding
chip area is similar to those in Fig. 4.2(b) and (€able | shows that Fig. 4.2(a) also has

a bandwidth similar to that of the other two wheeal inductors and capacitors are used.

TABLE 4.10perating Frequency Bandwidi/fy

Fig.4.1(a)| Fig.4.1(b)| Fig.4.1(c)| Fig.4.3(a)| Fig.4.3(b)| Fig.4.3(c)
0.36 0.16 0.16 0.26 0.28 0.29

Af is the frequency range that has -20 dB or be#telaiion and all three ports are
matched. The center frequerfgys 1 GHz.

45



C ]
1
1
i___rnen Pori 2
Pori 1 l Zo
ol R
Z
i___rnvn I Zo
L, Por 3
C
(@)
C
Port 2 || Port 2
Zo I Zo
Zo Zo
Port 1 Port 1
—_—
2y Zy
Co Co_ Lo L.
W% 8 43 | | %o
L.  Port3 I 1 Port 3
_ _ C2
(b) (c)

Fig. 4.2 (a) the proposed power divider circui).dhd (c) are two compact power

dividers proposed in [4.11].

In the figure

— ZO
L= 27rf0’
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C = , 4.2

Yo 4xt,Z, (4.2)
Z

L =—"and 4.3

o (4.3)
1

C, = . 4.4

2 2rf,Z, (“44)

As discussed above, losses are inevitable for bathActors and inductors in
CMOS technologies. It is possible to independetilye the inductance and quality
factor (loss) of an active inductor. But therents efficient approach to independently
control the capacitance and resistance of a vardetodifferent frequency operations
until now [4.12]. Therefore, these power dividercgits need to be analyzed and
compared with losses considered, especially varadusses.

The even-odd mode method [4.13] can be applied dach analysis.
Unfortunately, the addition of loss resistance nsalkee algebraic process and the final
equations lengthy and complicated. Therefore, dimdyvaractor’s resistance effects in
Fig. 4.2(a) and Fig. 4.2(b) are presented heree gdrformance of Fig. 4.2(c) is similar
to that of Fig. 4.2(b), as will be shown in Figd 4.

For even-mode operation, the circuits in Figs. &.24nd (b) have identical
equivalent circuits. Therefore, varactor’'s resistaghould have similar effects. For the
odd mode operation, however, different equivalérduds arise, as shown in Figs. 4.3
(a)-(d). The impedance between node Port2 andngréar the circuit of 4.3(a) can be

written as
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Z,(w,+Aw)* R

R, = Z @1+ ~* and 4.4
h = (a)O+Aa))2R12+a)§Z§) (44)
= 1 _ w2y +(a)o+Aa))Rf’ (4.5)

(0, +Aw)C, wy+Aw ®,Z,

while for the circuit of 4.3(b)
252
R-Z2.R+ k)  and (4.6)
2 2(Zy+ 2R, + Aw ¥

3

_ 1 WL, N @,Z, 4.7)

X = .
PeC, 2@, +A®) 2@, +Aw)Z,+ 2R,Y

Herew = wotAw with the operating center frequeney=2zf, and4w the frequency off-
set. Ideal operations requiRa andRg to beZ,, which is the case whdf, R, and4w are
zero. Otherwise, matching to the embedding impeslamdll not be satisfied.
Furthermore, the minimum points of scattering pa@ms do not overlap, as one can see

in Fig. 4.4(a). Therefore, weaker dependenc.cdindRg on frequency shift is desired.

From equations (4.4) and (4.6%/5%varies from 1.125 to 6.3 at 1 GHz whBqn
w w

andR; changes from ® to 30Q which is the simulation range.
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Fig. 4.3 (a) Equivalent circuit for odd mode opearatof Fig. 4.2(a)R; is parasitic
resistor of the varactorQ3. Excitation source is not shown. (b) Equivalentiwgirof
(@). (c) Odd mode excitation of Fig. 4.2(B), is the parasitic resistor of the varactor
of 2C,. (d) Equivalent circuit of (c).
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Simulation results for scatting parameter using Cad&pectre and ADS are
shown in Fig. 4.4. The results for the two simulators idemtical. The circle in Fig.
4.4(a) shows the highest intersection point among atefle and isolation scattering
parameters in the operating band. This point represeatbest simultaneous minimum
of the three parameters shown and hence the best gopsitibrmance of the power
divider. Fig. 4.4(b) indicates the dependence of ititersection point on varactor’s
resistance for different power divider structures &Hz. The proposed structure is the
least sensitive to increase of the varactor’s resistakggs. 4.4(c) shows the magnitude
of transmission coefficients$y;, for different resistance of varactor. Fig. 4.4(d§oa
shows the dependence on the inductor’s resistance abidwe analysis and the results in
Fig. 4.4 show that the proposed power divider ciruihuch less sensitive to the losses
in inductors and varactors among all the power dividiesuits in Figs. 4.1 and 4.2.

Therefore, it is a better choice for on-chip impleragon.
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S-Parameters of the proposed structure at centerefmegcan be obtained when
varactor’s resistances are considered. A detailedatemnivis shown in Appendix B and

the results are summarized as follows:

g -— CWIR-20r jR% R (4.8)
B+ )R +8(1+ )Mo+ 2(1+ J RZ, 4+ R

In the even mode, the reflection coefficient at Pag

Lo @rZR-20- RZ

— ) 4.9
281+ )22+ (B+ [ RE+ 21+ | RZ2 (4.9
In the odd mode, the reflection coefficient at Pbig
.
ro-—. IR _leo _ (4.10)
2Z;+(2- )RT+ R 7
Then
1 e o]
Szz=§(F2+F2), (4.11)
which can be simplified to
1 —(1-j -
Sp=Spei(— R, R, (4.12)

2+ R+4A+ ), R+ 24
The expression fd&; is complicated but can be simplified to the follow{sgen

in Appendix B):

8Z,+ 4R
8(L+j)Z,+ 3+ 5 R,

Si= S~
Finally,

(4.13)

53



st = %2 =0 (4.14)
Equations (4.8)-(4.14) show that whBpnis zero, the proposed power divider is
matched at all ports with ideal isolation betweent Rand 3. The phase delay between

Port 1 and Port 2 or Port 3 is 45 degrees, not 9fedsg

[ll.  Active Inductors Design

The two inductors in Fig. 4.2(a) need to have a wisieng range in order for the
power divider to be tunable over similar ranges. Vctdifferential inductors are
probably the only choice. High quality factor anigh self-resonance frequencies are
desired. Two of such inductors are shown in Fig. 4.5{&h or without the coupled
inverter pair in the dashed rectangle. Withoutdbepled inverter pair, the circuit is a
gyrator-C type active inductor, hereafter referi@as type A inductor, with an estimated
inductance value in equation (4.15) below. The atoluis tuned by tuningm,: andgmy.
Fig. 4.6(a) and (b) shows the layout and the photbisfinductor implemented in a 0.13
pm CMOS process. The measured results for the inducteigird.6(c) show a 6 GHz
self-resonance frequency, which is close to Cadence aiowl predictions. The
inductance value can be tuned from 0.9 nH to 5 nét as00 MHz to 5 GHz frequency
range. The maximum inductance value is 53.38 nH. nAthe self-resonance is 3.1
GHz, the Q value is 101 at 2 GHz. Wheg\= 0.65 V and V¥,,=0.55 V, the measured

inductance and quality factor are shown in Fig. 4.7.
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Fig. 4.5 (a) Schematic of two active inductors. Tashed rectangle encircles a
coupled-inverter pair. Without it, the inductorreferred to as type A. With it, the
inductor is type B. (b) Equivalent circuit of type
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Although the measured frequency tuning range ofriladtor in Fig. 4.6(a) is the
largest among active inductors reported so far, higipmrating frequency range is
desired. The frequency limitation in Fig. 4.6(a) is mhaicaused by the DC biasing
condition of transistors Mand M. Whengn7 (or gmg) changesgm: (or gm2) will change
in the opposite direction, because the DC biaseseofransistor M , are supplied by the

drain voltage of M & Whengns (gmg) increases by increasingonz the DC bias at the
gates of M , decreases and they may even enter the cut-off e@pnandgms0), then
this circuit ceases functioning and will not yield thductor characteristics. On the other
hand, whergm,; (Ong), decreases by lowing..n, the DC bias at the gates ofy M will

increase automatically. Therefomg,; (or gm2) andgmz (Or gmg) are dependent, so stable
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DC biases for M , are needed. With some brief discussions in [4.14], wpgsed to
add the coupled inverter pair in Fig. 4.5 to forrmeav active inductor, type B. The
addition of the coupled inverter pair improves the Bi@s conditions of the circuit, and
simultaneously provides negative resistors to increas® faetor of the inductor.

Small signal analysis yields equivalent circuit paransetef the improved

inductor structure. Expressions (4.17) to (4.22) welbelp guide the design of the

inductor.
1 1 1 1
C=—+—+—+—- 5 Ymo T Ini1 4.17
R5+ Ry+ F$+ R Ons ~ Oro— O (4.17)
C=C, (4.18)
L GG+ GG+ GG (4.19)
gmlgm7C3
1 1 1 1
Cl+3)+ C(f+ FG (ot G)
R R R) R_R (4.20)
gmlgm7c3
e
Q~ (R*+ R C+ LG (4.21)

|1 | CR
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Cin is the parasite capacitance at the input pdhatis the parasite capacitance
between nodd and groundC; is the parasite capacitance between ridbdad nodel.

R. andC_ are the resistance and capacitance betweenzadd groundgm, andR are
the transconductance and channel resistance of translstoThe introduction of the
cross coupled inverter pair will reduce G in (4.17kquation (4.18) shows that
capacitanc€ increases due to the introduction of this invertér. paquations (4.19) and
(4.20) indicate that there is little change foandR sincegm: (0or gm2) Will not be affected
directly by gm7 (or gnmg) and can be tuned independently to some extent.n, Tihe
inductance can be tuned over a larger range, sehggif-resonance frequency can be
obtained according to (4.22).

In the design of the improved active inductor, thermmarcuit’'s parameters are
shown in Table 4.2. The active area of the improwad/e inductor is 40 umx70 pum.
The post layout simulation results show better performanae type A in Fig. 4.6(a).
The operating frequency is tunable from 300 MHz toGz and inductance value is
tunable from ~1 nH to 100 nH. Fig. 4.8 shows the pagbut simulation results of the

improved active inductor.

TABLE 4.2Circuit Parameters of Improved Active Inductor

Transistors) Size(um/pm)Transistors| Size(um/pm)
M1, My 156/0.2 M, Mg 39/0.12
M3, My 13/0.12 M, M1 13/0.12
Ms, Mg 117/0.18 M, M2 13/0.12
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Fig. 4.8. Post layout simulation results of the improaetive inductor in Fig. 5(a).
Impedanc&,=1/Yin.

IV.  Power Divider Design and Results

Two improved active inductors are used in Fig. 4)2 ThreeC, are varactors.
The Q factor and symmetrical characteristicCofare important. In this design, twi&
in Port 1 are combined together. T@Ge between Port 2 and Port 3 is separated into
identical two varactors and then in parallel buthwénode and cathode electrodes
switched. The DC biases of the two identical varactse combined together intQ,
with AC isolation (large resistors). The DC bias oftive combined varactorS; is Va:.
The active area of the tunable power divider is B@®%265 um in a 0.13 um CMOS

process and the active area is shown in Fig. 4.9.
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Fig. 4.9 Active area of the tunable power divideai0.13 pm CMOS process.

The simulateds;; andSy; results are shown in Fig. 4.10 from 1 GHz to 7.5 GHz.
The valleys 0ofS; and S, nearly coincide at the 1 GHz and 2 GHz, which éatés
simultaneous good-match at the ports. As the frequengyrease, the two valleys are
progressively separated, which indicates that simultangood-match is not possible
due to the increase of varactor’s resistance. [fdRGaken as the maximum accepted

match condition for all ports, the operating centeqgfiency of the power divider can be
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tuned from 1 GHz to 7.5 GHz within this bound. Hgll presents th&,; parameters
under the same conditions. The loss is around 4 dBerfréguency range. In the
commercial CMOS technology, the varactor tuning ramgdimited (the maximum
Chna{Cnmir=b according the IBM process model) and cannot satisty tdrgeted
application according equation (4.2). Further exgpan of the power divider tuning

range requires further work on improving varactoinigmange as well.

0
5-10-
AN
0
D200
(D o v R Y- Y BTN O S
)]
U‘_) -30| Indicat
line E
41 2 3 4 5 6 7 s

Frequency(GHz)

Fig. 4.10. Solid lines and dash lines &eandS;, of the power divider at different
operating center frequencies. The dotted line atdethes ; andS;, at the
operating frequencies.
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V. Conclusions

A new lumped-element compact power divider is proposed analyzed.
Compared with current power divider circuits, the nmwer divider is least sensitive to
the losses of varactors and inductors. A differenttéiva inductor with 6 GHz self-
resonance frequency is measured. The measured indaittgneg range is 0.9 nH~5 nH
from 500 MHz to 5 GHz. The inductor can be usethandesign of the proposed power
divider. To further improve the operating frequemagge of the inductor, an improved
structure is analyzed. The post layout simulation reshlbw a self-resonance frequency

as high as 10 GHz. Using the improved inductors amactars from a commercial 0.13
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pum CMOS process, the design of the proposed power diddanable from 1 GHz to
7.5 GHz with -20 dB or better match at all ports. fiidher expand the frequency tuning

range, the varactors’ tunabilities need to be studied
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CHAPTER FIVE

DISCUSSION AND CONCLUSION

This thesis focuses on extending the frequency rangigegbossible components
for a six-port reflectometer. The second Chapter, dffiert is to obtain a broadband
source generator, and a voltage-controlled rindlasmi is presented. A sensor amplifier,
which can operate at very high frequency, is adddeti¢ normal differential amplifier to
sharpen the rising and falling edges. Then a threg-siag oscillator using the proposed
oscillator is designed. To extend the frequency raadbe low frequency direction, two
weak inverter oscillators are added to the diffeagénting oscillator. The circuit is
implemented in a 0.13 um CMOS process to verify therjhddhe measurement tuning
range is from 430 MHz to 12 GHz, which satisfies thiaitarget 1 GHz~10 GHz.

In the third Chapter, a high-Q differential actimeluctor is proposed to figure out
the low self-resonance frequency limitation of thdedéntial active inductor structure.
Post layout simulation results show that the inductas¢eniable from ~1 nH to 100 nH
with operating frequency tunable from 300 MHz to@Hz. The inductor is designed in
0.13 pm CMOS process with an area of 40 umx70 um. Tiéy ke high frequency
performance, a-model lumped-element power divider is designed withgraposed
active inductor at the 9.5 GHz center frequencye Ppbst layout simulation results show
that the isolation and matching scatting parameterttertnan -20 dB with an insertion
loss of ~3dB. The miniaturized Wilkinson power dividercupies 160 pmx170 um,

which is suitable for system integration.
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In the forth Chapter, a new compact lumped-elementepadivider, which is
insensitive to the losses in varactors and inductor coedpto the existing lumped-
element power divider architectures, is proposed aradyzed. Measured results of a
differential active inductor, which is targeted tonable power divider applications, are
presented. The inductor is tunable from 500 MHz @+H& with inductance value tunable
from 0.9 nH to 5 nH. The maximum self-resonance frequen6yGHz, which falls short
of the target 1 GHz to 10 GHz. After this structuseimproved, the self-resonance is
boosted to higher than 10 GHz, which is demonstrateplolsy-layout simulations. With
the improved active inductor, the proposed compactepoiwider is designed in a
CMOS 0.13 um process with a core area of 300 umx265Thenpower divider can be

tuned from 1 GHz to 7.5 GHz as demonstrated by pgsutssimulation.

Future work

For the VCO, noise analysis is needed. As for ther@atiductor, improving the
power consumption can be further discussed using thenturecycling structure. At
present, the tuning range of the power divider istédiby the tuning range of the
varactors, which are supplied by the vendor. Therotlisadvantage of the varactors is
the larger effective series resistor (ESR) in thé fiigquency. Large value ESR seriously
distorts the performance of the power divider. Tharidirection is to find new tunable
capacitor structures, which can supply larger tumargge and supply lower ESR in high

frequency.

70



APPENDICES

71



Appendix A

L, C, R’s Derivation for the Proposed Power DivideGOhapter Four

C —
1 — L
Port 2
Zo
Port 1 R
ﬁ C2
% Zy
L Port 3
C

Fig. A.1 Proposed Lumped-Element Power Divider

In 1968, Cohn described an even- and odd-mode waohrfor analyzing the
symmetric two-way power divider [A1.1]-[A1.2] thaawe be used to determine the circuit
parameters for these power dividers. In the even-modarshn Fig. A.2 (a), for
impedance to match a Port 1 and Port 2, the followogation must be fulfilled:

1
jaC
1
jaCy

27, x

L joly=Z,. (A1)
27, +

Here,w is the angular frequency of the designed centeuéegyf,. In the odd

mode shown in fig. 2 (b), for matching at Port 2, equa(A2)
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1

j2wC2+3+_i
R JolL

=7,. (A2)

From (Al) and (A2), the parameters in Fig. Al can &emnined.

Z 1
R=2Z,L=—%andG=G= : A3
% b 2rf, «=G Ar f,Z, (A3)
Port 1 Port 2 . otz
27y L1 Zo

Ci

— L, Zog 2C,

= mm

(@) (b)

Fig. A2. (a) Even mode circuit for Fig A.1. (b) Odubde circuit for Fig. Al.
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[A1.1]

[AL.2]
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Appendix B

S-Parameters Derivation for the Proposed Power Diwd€hapter Four

Fig. B1 Schematic of proposed power divider.

According to the even- and odd- mode analysis in ApipeA

Zo andC=C,= .
2r f, Ar f,Z,

R=27, L= (B1)

If we take the parasitic resistor in the capacitobedz;, then the capacitdt; is
replaced by the series of resis®r and the capacito€; according to the MOSVAR

model of [B1.1].
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Even-mode analysis

The even-mode schematic appears in Fig B2.

Port 1 Port 2

27, Ry Z

Cl —— C\/ Vgg=2V0

Fig. B2 Schematic of even-mode including parasiticstesin the capacitor

An equivalent circuit to the circuit Fig B2 is shownFig. B3.

Port 1 . Port 2
274 7, Ry =—— C, Zy
Z5°
Vg2=2Vo
-

Fig. B3 Equivalent circuit of Fig. B2.
Then the parameter can be determined according [B1.2]

. . Z .
]a)ol-:]a)ogo:]zw (BZ)

0
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Ja’ocl_ja) ! i
° 2w,2,
1
: C
= RN Doy2
R = R[1+( R )]
27
=R[1+(=2)7] ,
R[1+( R )]
4z}
=R+ R
1 . 1
ja)oCi = —JZZO[1+1—]
@,C, \2
( R )
_ R’
- J220[1+4Z§] ’
_ R
= J(220+ZZO)
Z:=R]| ,-a,lc' (oo L+ Z,)
_ 1
14z2+ : R joL+zZ
R+—°% —J(ZZO+TZO) 0 0
1+ ))Z,(RI +4Z7)

T @+ [)RZo+ 20+ )Z2+R

(B3)

(B4)

(BS)

(B6)

where Z presents the impedance in Port 1 in the even- modgsisalrcuit.



re_ Z;-22,
Z:+227,
@+)Z,(RP+422)
_ @+ )RZ -2 )Z+ R
L+ ))Z, (R +420)
@+ R Z,+ 201+ )25+ R
_ (L jZR-20+ RZ
B+ R’ +8(1+ j )22+ 2(k | RZ,

(B7)

+27Z,

whereT’; presents the reflect coefficient in Port 1 in therevaode analysis circuit.

) : 1

= jo,L+2Z,||R [F—=

JoC,

1
1 1 1 ' (B8)
+ -+

27, R+ 4Z;
R
4 2 24 R R+ 2022R)
A+ 5+ RZ+ R

=]Z,+

iez.+ R
i(2Zo+ )

where Z; presents the impedance in Port 2 in the even- modgsisalrcuit.

rg:ZZG_ZO
Z;+ 7,
AL+ |25+ (2+ | 2R+ 2jZ5 Rl)
40+ )25+ RZ,+ R %
4(1+J)Zo+(2+J)Z R+ 2jZ) Ri)
A1+ |25+ RZ+ R
_ (1+ )R+ 21+ [ R Z,
B3+ )RI+8(1+ j )25 + 2(1+ | R.Z,

(B9)

whereT; presents the reflect coefficient in Port 2 in therevaode analysis circuit.
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Vv, = Z 2
z5+27,
AL+ )23+ (2+ | ZRP + 2jZ2R)
_ 41+ 25+ RZ,+ R X N/ (B10)
A0+ )5+ (2+ [ R+ 21Z5R) 5 °
40+ )22+ 2RZ,+ R °
A j2E+ 2+ iR+ 2RZ,
C B+ RE+8L+ )22+ 2 [ RZ,°

whereV, presents the voltage in Port 2 in the even- modeysisatircuit.

VZH: V2 e
1+T,
__AQ+ o+ iR+ 2RZ,
B+ j)R*+8(1+ j 22+ 21+ | RZ,  ° (B11)

1
(L+ R +2¢-1+ )R Z,
(3+ )RC +8(L+ )25 + 2+ | RZ,

=V,
whereV," presents the input voltage in Port 2 in the even- nao@dysis circuit.

vV, =V, T
@RI+ 201+ R Z, (B12)
T+ IRIHB(+ )25+ 21 | RZ

whereV, presents the reflect voltage in Port 2 in the eveode analysis circuit.
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C o1
2Z,|IR Ilj.w—oCi
Z:+ 2, 29
2Z,(R +4Z)

_ (RR+4Z5)+2Z,(R+2jz) WA (B13)

AQ+ )25+ (2+ JZ R+ ZJZ§R1)+Z °

41+ X5+ RZy+ R °

_ 4R +420) y

81+ j )22+ (3+j R+ 2+ j RZ, °

Ve =

whereV,°presents the voltage in Port 1 in the even- modéysis circuit.

Ve
1+T;
4R +422) y
_ 8L+ )2+ B+ R+ 2(k | RZ, ' (B14)

(-1+ )Z,RY —2(1+ )R Z,
(3+ )RC +8(L+ )25 + 2+ | RZ,
2

=2V
1+ 0

whereV,” presents the input voltage in Port 1 in the eveoderanalysis circuit.

Vi© =V
_ 2 : Vo % (_1_: j)ZORlz._ 22(1+ J)Rlzé , (815)
1+ ] B+ R +8(+ ] o+ 2 | RZ,
_ (_1+ j)ZoRlz — 2(1+ J)R12§ (1_ ])\/
(3+ ))RZ+8(L+ | )22 + 2(1+ | R Z, ’

whereV,* presents the voltage in Port 1 in the even- modéyais circuit.
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Odd mode analysis

The schematic of the odd-mode is shown in Fig. B4.

Port 2

Port 1

2, == QY Vv

Fig. B4 Schematic of odd mode.

The equivalent circuit of Fig B4 is shown in Figh.B

Port 2

e
C,

Z°

V92:2Vo

Fig. B5 Equivalent circuit of Fig B4.

Then the parameter can be determined accordin@[B1.

L-% (B16)
Wy

C-——1_ (B17)
20,2,
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R, = R+ (2hy)= R+ 20 (B18)

+—,
R R
1 1 w,L , R?
: =- L+ (25)) =-iZ, 1+ =), (B19)
joC, 2oL, R, ° Z;

0 1
Z; = jo L || Z, IR, [F—=
JoC,

1
1 1 1 1 ' (820)
izttt =
o %o R4S iz, @42

R Z;

__ Z(Z+R)
Z;+(1- DRI+ RZ

where Z; presents the impedance in Port 2 in the odd- modlysis circuit.

rg-%-%
22 + Z0
Z(Z+R)
_Z+(@-)RP+RZ °
Z(Z+R) (B21)

0 )

Z2+(- )R+ RZ
_Z+Z,R-Z-(- )RZ- RZ
Z3+Z,R+ Z+(1- )R %+ RZ
____jR*-Rgz
222+ (2- )R’ +RZ

whereI; presents the reflect coefficient in Port 2 in tlel-omode analysis circuit.
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Vv, = % 2

zo+2, °
Zy(Zs+ R)
__Z+@-)R+RZ
LZAR)

Z;+(1- DRI+RZ 7

_ Z;+R
223+ (2- IR+ R,

(B22)

x 2V,

whereV,’ presents the voltage in Port 2 in the even- modéysis circuit.

Vg
1+T,

Z;+ R oy
_2Z+(2-))R+Rz  ° (B23)
. R-RZ
22 +(2- )R+ R%
:VO

whereV,” presents the input voltage in Port 2 in the odddenanalysis circuit.

Vzoi = V;”l"g

v jRP-RZ, : (B24)
272+ (2- j)R*+RZ

whereV,” presents the voltage in Port 2 in the odd- modéyaisecircuit.

AR/
S-l - V10+ +\/16+
=T¢ , (B25)
(2R -20+ RZ
(3+ )R’ +8(L+ | )Zg+ 2(+ | RZ,
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When % >>R;, S;; can be simplified to the following

~_ R
ST 2Z.+R’ (B26)

V4V

V) 4+ V)
_VTR AV, T

Ve e

— S5+
1 R-Rz,

2225+ (2- )R+ RZ

L+ DR +2C1+ )R Z,
(3+ )R +8(L+ )25+ 2(I+ | RZ,

Sy

(B27)

)

When % >>R;, S, can be simplified to the following

Szzz%[zz_Rl P ol )L S (B28)
ot R4+ )2+ (B R

_Vle"f'\/lo

Se = VE+VP

4(F212+4Z§) V., +0 [x
8+ )22+ (3+ R+ 2(r | RZ, °
1
A0+ )25+ (2+ | R+ 2R Z, W+ Z+ R <N
B+ )R’ +8(1+ j}Ze+ 2+ [ RZ, ° 2+ (2 R+ RZ °
_ 2(8Z, + 4Z;R+ 4(2- IR+ Z R+ (2= )R
16(1+ j o + (6+ 10 ZoR+ (24 17 IR+ (6 T %,R+ B | R

(B29)
When % >>R;, S;» can be simplified to the following:
S, ~ .820 +4R —— (B28)
8(1+ ), + (3+ 5 R
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According to the symmetrical structure and the thethen

$1=515=S31=S13

S35=S22
S$5=S3=0
ST
Then all the scatting parameterS,;, S, S;| are defined.
ST
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