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Short Papers

A New Unequal Three-Tone Signal Method for AM—AM  drive the nonlinear device-under-test (NDUT). This NDUT could

and AM—-PM Distortion Measurements Suitable for be a PA or even a frequency-translating device such as a satellite
Characterization of Satellite Communication transponder. The measurements of the tone levels of an UTTS at the
Transmitters/Transponders input and output of the NDUT allows the calculation of AM—AM
compression factor and the AM—PM conversion coefficient of the
F. M. Ghannouchi, H. Wakana, and M. Tanaka NDUT for any operating carrier frequency and power level. The

formulation of the problem and the close-form analytical solution
is presented. To validate, the techniqgue computer simulations were
Abstract—A new method for characterization of AM-AM and AM-PM  carried out using HP-EEsof Series IV software suites. Simulation

distortion of power amplifiers (PA'S) using only power measurements is - oq,jts obtained on a 60-dB gain 100-W TWT amplifier are presented.
proposed in this paper. This technique was found to be suitable for the

characterization of satellite communication transmitters/transponders. It S measured AM—-AM and AM-PM distortion curves modeled the
consists of using an unequal three-tone signal (UTTS) to drive either the nonlinear behavior of this TWTA.

base-station PA’s transmitter or the satellite transponder’s PA and to mea-
sure the level of this UTTS at the output of the transmitter/transponder.

By comparison of the three tone levels at the input and output of the trans-
mitter/transponder, one can calculate the AM—AM compression factor and
AM-PM conversion coefficient of the transmitter/transponder PA using

close-form expressions.

Il. FORMULATION OF THE PROBLEM

A memoryless nonlinear high PA excited by microwave signal
having a certain frequency bandwidthhw centered around a carrier
frequencyw such thathw << w can be characterized by its envelope

Index Terms—Amplitude compression, nonlinear characteristics, phase ap_AM and AM—PM distortion curves [5]. The RF input to the PA
distortion, power amplifier, satellite transponder. '
can be expressed by

I. INTRODUCTION vin (t) = A(t) cos [11;7‘ + H(f)]. 1)

Spectrum and power efficiencies are becoming the most important
aspects of any base-station transmitter or satellite transponder dedifji corresponding output signal..(¢) can also be expressed by
for satellite communications (satcom) applications [1]-[4]. In par-
ticular, to achieve spectrum efficiency, multilevel digital modulation Vot (1) = G[A(t)] cos {wt 1Ot + T [A(t)]} @)
techniques such as/w QPSK and 16 quadrature amplitude modu-
lation (QAM) or 256 QAM, as well as time-division multiple access )
(TDMA)/code-division multiple-access (CDMA) techniques havel” here GH(”] _and Y[A(1)] are, respectively, th_e A_M_AM a”F‘
been introduced and used. These techniques give rise to fluctuatl —PM distortion curves of the. PA. We assume in this formglatlon
envelope signals that are sensitive to any nonlinearities in the comnifit the PA has a flat complex gain over théw frequency bandwidth
nication system. The power amplifiers (PA's) either solid-state powggntered on the carrier fr_equenuy, and the harmpmc frequencies
amplifiers (SSPA's) or traveling-wave tube amplifiers (TWTA's) of thEgenerated by the PA are filtered out before reaching the output of the
transmitter/transponder are the most contributors in generating th ) ) . . .
nonlinearities. Therefore, the performances of theses PAs in term§n thg case Where the input signal is a s_uperpo_smon_ ofa Iow-_lndex
of power consumption and linearity directly affect the transmissioﬂnuso'dal AM signal and a low-phase deviation sinusoidal PM signal,

capacity of the satellite system. In principle, it is relatively easy toh) can be written as

measure the power efficiency of a PA, however it is often, more

difficult to measure the complex nonlinear distortion of a PA. Suchin (t) = Ao [1 +a COS(Awt)] cos [wz‘ + 3 sin(Awt) + 90] (3)
characterization calls, in principle, for a use of amplitude and phase

measurement systems like automated network analyzers. These kintierea andg are, respectively, the amplitude index of the AM signal
of instruments are not commonly available and require sophistica@ad phase deviation of PM signal antl, andd, are the average am-
calibration procedures. In addition, for flight (off-ground) testingplitude and phase values of the AM and PM signals.

these phase measurements become quasi-nonfeasible to perforfor small variations of the amplifier phase shift with the power level,
In this paper, we propose a new method to carry out AM—AM aniiwas demonstrated that the PA phase-shift variation is proportional
AM-PM distortion characterization of microwave communication cirto the input power level alternatively proportional to the square of the
cuits, subsystems, or systems using only power-detection techniguegut signal envelope [5], therefore, one can write (2) as follows:

The proposed method uses an unequal three-tone signal (UTTS) to

vout (1) = GAo {1 + a’((l —0) cos(Awt)):|
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() Fig. 2. Diagram illustrating the vector addition of the sidebands of the UTTS

. . . . method.
Fig. 1. Block diagram illustrating the UTTS method.

. . The superposition of the two AM and PM signals gives
is the AM—AM compression factor of the PA and

Ab Vin (1) = viM (t)+ 1,{,M(f)
by = o (5b) = Ag cos(wt) + A" cos [(’w + Aw)t]
is the AM—PM conversion coefficient of the PA anx¥ is the peak 4+ AR cos [(w _ Aw)t]
phase change due to AM—PM conversion.
It is worth noticing that when the amplifier is in far backoff, oper- = Ao cos(wt) + [Ao(oz + ,ﬁ)/2] cos [(w + Aw)t]
ating in its linear region; = 0, and when the amplifier is completely .
saturated, operating as perfect limiter= 1. + [AO(‘“ - /3)/2] cos [(“’ - A“")t}' (®)

In recapitulation, ¢, andk, are the parameters that characterize ) ) )
the PA andd,,, a, and3 are the parameters that characterize the inpfifom (8), one can deduce thatand 7 can be obtained just by mea-
signal. suring the levels of the right- and left-hand sidebands around the carrier
In the frequency domain, the input signal can be seen as the sugsrfollows:
position of unequal three sinusoidal tones: the carrier and two unequal Ain 4 qin Ain _ 4in
sides band tones generated by AM and PM. o= ’T’ and g = ’A—' 9)
Fig. 1 shows a schematic diagram of the input signal spectrum, PA, -0 0
and output signal spectrum. It is important to notice that the relatiyge assume in the above equations that a

levels of the two output sidebands are different from the level of the A5 has been mentioned before, the AM sidebands of the input signal
two input sidebands. This is basically due to the nonlinear behavior\gfij pe compressed by the PA due to AM—AM compression, and an
the PA, which introduces an extra AM due to AM-AM distortion angydditional PM sidebands will be generated by the PA due to its AM—PM
an extra PM due to AM—PM conversion. conversion. These newly generated PM sidebands &rel@®f phase

One can summarize by saying that we are attempting to solve {gative to the others two sidebands [6]. The vector addition of these
problem that consists of calculatir@, ¢, andk, as functions of the sjgebands, as shown in Fig. 2, leads to

amplitudes of an UTTS at the input as well at the output of the PA.

4 a2 N2
(Afut‘)z e |:(1 — ()A;a +Ao/3:| n <ka;loa> (10a)

For a low-index AM signal, it is well known that the two sidebands (A?ut)z e {(1 —¢)Apa — Aoﬁ} : i <Gk‘p-4oa )Z (10b)
are in phase. However, for a low-phase deviation PM carrier, the closest 2 2
two sidebands to the carrier are out of phase. Therefore, one can write,
in the frequency domain, the following expression for a given lowvhere A?™ and A7"" are, respectively, the magnitudes of right- and
index AM signal: left-hand sidebands at the output of the PA.

Substituting (9) into (10a) and (10b), one can write

IIl. ANALYTICAL SOLUTION

viM (1) = (40 /2) cos(wt) 4+ (wAy/2) cos [(m + Aw)f]

Ri=(c—x1) +k (11a)
+ (Ao /2) cos [(’w - Aw)t] (6) R:=(c—m) + 12 (11b)
and the following expression for a given low-phase deviation PMheres, = 242 /(AR + AR), 2, = 241" /(A" + AP) R, =
signal: (242" /G(AT + AP)), Ro = (247" /G(A! + A")), andG =
AQ /Ao,
v (1) = (Ao/2) cos(wt) + (Ao B/2) cos [(w + Aw)f] Itis to be noticed that (11a) and (11b) are two circle equations in the

(e, kp) plane. The centers and radii of these two circlesraranda2

and R, and R», respectively. The common intersection of these two
circles, as shown in Fig. 3, givesandk,, values of the PA for a given
Wherer/Q is the amplitude Of the Carrier fOI’ both AM and PM Signal%perating frequency; and a given input Carrier pour |evﬁb .

anda andg are, respectively, the index of the AM signal and the phase The analytical solution of the set of equations (11a) and (11b) leads

—(Af3/2) cos [(m — A?u)f] @)

deviation of the PM signal. to the following close-form expressions foandk;, :
In (7), we assume that = 0; which is practically equivalent to pro-
claim that the energy contained in higher order sidebands is negligible R — Ri+ (za+z1) (21 — 22)

in comparison with first-order sidebands of the PM signal. €= 2 (a1 — a2) (12a)
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IV. DiscussioN

felt it valuable and of worth to readers of this paper to make

the following comments about the UTTS method and to draw some
conclusions about its validity and suitability for the characterization of

PAs i
1)

2)

3)

4)

5)

n satcom applications.

It is to be noted in (12b) that the positive as well as negative
values ofk,, are both solutions in the mathematical sense, there-
fore, one has to know in advance the sigrkpf

The UTTS technigue can be used for the characterization of am-
plification systems as well as for frequency-translating devices
and systems such as a single-sideband (SSB) up converter, SSB
down converter, or even for a satellite transponder. The only
change in the testing conditions is that the AM and PM signals
at the input and output have two different carrier frequencies.
The technique described in [6] and designated as the UB2T
method in [2], which uses unbalanced two tones, is accounted
for in the UTTS method. The selection of testing conditions in
such a way that: = 3, which is equivalent toil® = 0, implies

that the center of the second circle is placed at the origin

of the (¢, k,) plane, consequently, the UB2T method can be
considered as a particular case of UTTS method. In addition,
it is also expected that for a low-level input drive signal, the
accuracy of the UTTS method is better than the accuracy of the
UB2T method. Since, for a low-input signal level, the radius
R, is very small in comparison t&?{, a non-well-defined
intersection of the two circles will turn up, which leads to
nonaccurate andk, solutions for the UB2T method.

Either the UB2T or UTTS assume that modulation frequency
bandwidth must be much smaller than (1), the time constant of
the PA biasing circuit, and (2), the time constant of any extra

~

~

6) The determination at each input power level of the AM—PM

(AM—AM) conversion coefficient (compression factor) by the
differentiation of the one-tone AM—PM = f(P..) (AM—AM,

P,.+ = g(Pqy)) static measurement curve leads to reasonably
accurate results only if the PA is quasi-memoryless and does not
includes extra biasing or control circuits that have nonnegligible
time constants. Besides that, the static measurement characteri-
zation technique tends to underestimate the nonlinear behavior
of the PA in comparison to dynamic measurement characteriza-
tion techniques such as the UTTS method.

The UTTS technique cannot be used to determine the linear dis-
tortion (complex gain variation with frequency) of the PA as a
function of the frequency by just sweeping the carrier frequency
while keeping the sidebands atw away from the carrier and
maintaining the UTTS signal at the same power levels. It obvious
from the analytical formulation any change in the operating gain
will affect both the carrier and sidebands in the same manner,
therefore, their relative amplitudes remain the same and: the
andk, calculated values will not change.

The UB2T signal used in [2] to measure the linear distortion
(variation of the gain with frequency) of the TWTA of COMETS
satellite’s transponder, which includes a driver and an automatic
level control (ALC) circuit to maintain a constant saturated
output power, deserves, in our opinion, further justifications and
explanations about its suitability to insure a reasonable level of
accuracy and confidence in the results obtained over a 120-MHz
bandwidth. One can argue that the sweeping of the frequency
of the sideband away from the fixed frequency carrier while (1)
keeping a high enough carrier power driving the amplifier that
secures that the TWTA is operated in the compression region
and even in the saturation region (2) and maintaining, during
the frequency sweep, the same power levels of the two tones at
the input of the PA, can be used to deduce the linear distortion
of the PA from the measurements of the sideband level variation
with frequency. This is correct and sound only if the PA is
quasi-memoryless and has no feedback loops and has biasing
circuits with a near-zero time constant. In our opinion, these
conditions are far way to be satisfied for the 100-dB gain and
200-W amplification system, as described in [1].

Based on what we have mentioned in 4) and 8), it is expected
that, by carrying out the TWTA linear distortion characteriza-
tion using an UTTS/UB2T signal while sweeping the sidebands
over a narrow modulation frequency bandwidth, the accuracy
and confidence on the results that would be obtained will be
much better. In our opinion, the measurement of the linear dis-
tortion over the 120-MHz bandwidth could be performed accu-
rately if the 120-MHz modulation bandwidth is divided, let us
say, in 120 1-MHz sub-modulation bands, where sidebands of
UTTS/UB2T signal can be swept successively 120 times, over
only 1-MHz sub-modulation band each time. Therefore, the car-
rier and sidebands have to be displaced, 120 times to cover the
original 120-MHz modulation bandwidth before sweeping the
sidebands over the 1-MHz sub-modulation bandwidths.

V. SIMULATION RESULTS

gain or level control circuit that might be included in the PAto In order to validate the technique, the measured AM—AM and

be tested.
The UTTS method cannot be used if the carrier is only @M=

AM-PM curves of a 60-dB gain and 100-W TWT amplifier, shown
in Fig. 4, were used to model the nonlinear behavior of this amplifier

0) or only PM(a = 0). Either condition leads to a reduction of[1]. From these curves, gain compression and phase-variation data
the set of equations (10a) and (10b) to one equation with twelative to small-signal gain and phase values were extracted and
unknowns, which has an infinite number of solutions and cannentered in the HP-EEsof Series IV software to model the nonlinear

yield to unambiguous solutions ferand#,,.

behavior of the TWTA. A three-sinusoidal-source test bench was used
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to generate the UTTS signal. The input power of the carrier was varied
from —30 to 0 dBm while keeping a difference of 30 dB between the
carrier level and the level of highest (right-hand side) sideband signal.
The difference between the right- and left-hand sideband signals was
maintained to 3 dB during carrier power sweep. The carrier frequenc . - . .
was 20 GHz and the sidebands were 1 MHz away from the carrie’% 500-mW High-Efficiency Si MOS MMIC Amplifier for
Fig. 5 shows the AM—AM compression factor and the AM—PM 900-MHz-Band Use
conversion factor varlatlons_when the input power of the amphflel{g)riaki Matsuno, Hitoshi Yano, Yasuyuki Suzuki, Toshiro Watanabe,
is swept. These results are in good agreement with those that can o . . .

. . - Shigeki Tsubaki, Tetsu Toda, and Kazuhiko Honjo
deduced from static one-tone measurements by the differentiation of
the P,.i = g(P.) curve andp = f(P.), except for the last point
(P = 2 dB) where AM—AM and AM-PM distortion data were not  Apstract—A 500-mW monolithic-microwave integrated-circuit (MMIC)

defined (see Fig. 4). amplifier using a 0.6-+m Si MOSFET for 900-MHz-band use has been de-
veloped. The input matching network, which consists of a spiral inductor
and an MOS capacitor, was integrated onto the chip using a low-cost mass-
production large-scale-integration process. A new spiral-inductor model,

In this paper, we proposed a new method to measure AM—Afé\kin_g into account the dielectric Ioss_ gnd skin e_:ffect of the Si substrate,
d AM—PM compression and bhase conversion factors of awas introduced. We analyzed the_st_ablllty and gain dependence on the gate
an p p EWucture of the MOSFET and optimized the gate finger length and the loss

amplification systems or frequency-translating devices or systemfghe matching network to achieve high gain and stability. The fabricated
using only power measurements. The proposed technique is basebhC amplifier achieved a linear gain of 15.2 dB and an output power of

the use of an UTTS to stimulate any nonlinear devices or systemg ft1 dBm with a PAE of 60% under a supply voltage of 4.8 V.

was demonstrated that the tone levels of an UTTS at the input anghdex Terms—Cellular phone, GSM, MMIC, power amplifier, Si
output of the NDUT are related to the AM—AM compression factolOSFET, spiral inductor.
and AM—PM conversion coefficient of the NDUT by two quadratic

equations. The solution of this nonlinear system gives the values of the

AM-AM compression factor and AM—PM conversion coefficient for

any carrier frequency and power level. Validation of this technique wasLow-cost power amplifiers for cellular phones are strongly required
carried out using the HP-EEsof Series IV software suite. Simulatisince the power amplifier is one of the most expensive components.
results obtained for a 60-dB gain and 100-W TWTA prove the validit§ilicon power MOSFET's [1]-[5] are inherently superior in terms of
and the effectiveness of the UTTS technique. We are planing to use

the UTTS method for off-ground testing of the TWTA's transponder
of the COMETS satellite this autumn.

VI. CONCLUSION

|. INTRODUCTION
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cost. For further cost reduction, monolithic-microwave integrated-cit 5 o :' """ S g ': - _ ]/
cuit (MMIC) amplifiers based on Si MOSFET technology will be one DY matching —"%‘jl'!‘ matching _|%jL matching

] ]
1 ]
'

of the strong candidates. network network network
The drawback of the Si MMIC technology is the large loss of the pas

sive elements on the conductive Si substrate. Thus, previously repor MMIC

Si MOS MMIC power amplifiers required some improved fabricatior

technologies, e.g., a thick metal or dielectric layer process for inductc

or a special dielectric layer process for capacitors [7], [8]. [ ————-7—=—=—7= oﬁpﬁ- |

In this paper, we describe an Si MOS MMIC amplifier forl input T T T T T T p— |
900-MHz-band use, fabricated using a low-cost mass-productic ! |
large-scale-integration (LSI) process with two-level wiring. To | |
. 4.3 pF
overcome the drawback of the Si MMIC technology, we analyzed tr| | I 3 5 torns | / |
stability and gain dependence on the gate structure of the MOSFEI ! = | MOSFET =
and optimized the gate structure and loss of the matching netwol L_ﬁafc_ﬁiig—n_eﬁ(ﬁk_" < high gain I
Thus, the large loss of the on-chip matching network stabilizes tr . large loss - conditionally stabld
MMIC operation, and high gain was achieved. e e e e e e e o o o — — — d
MMIC - high gain
-unconditinally stable
[l. DESIGN AND FABRICATION ™)

A block diagram of a two-stage Si MOSFET power amplifier for
900-MHz-band global system for mobile communications (GSM)
use is shown in Fig. 1(a). We integrated the first-stage MOSFET and
the input 50€2 matching network onto the Si substrate. Our discrete
MOSFET's for use in the final stage have achieved an output power
of 35 dBm with a power gain of 10 dB. Thus, the output power of the
MMIC must be above 25 dBm.

The circuit diagram of the MMIC is shown in Fig. 1(b). The input
matching network consists of a spiral inductor and an MOS capacitor.
The diodes to protect the MOSFET from static damage were also inte-
grated. The MMIC was designed using the harmonic-balance simulator
Series IV. The MOSFET’s were simulated with a MOSFET LEVELFig. 1. (a) Block diagram of a two-stage Si MOSFET power amplifier

model [4], [9]. The chip photograph is shown in Fig. 1(c). The chip siZier 900-MHz-band GSM use. (b) Circuit diagram of the MMIC. (c) Chip
was 1.2x 1.25 mm. photograph of the MMIC.

output

1.2X1.25 mm

A. MOSFET Design the on-chip matching network to achieve both high gain and low return
We used a 0.¢:m WSi gate power MOSFET [4], [5]. Each™n IOS.S’ and deﬁ!deddog age_lte flnlger Iengtth 0f/50. Ac(;:orglng:}/,sfl high
source was connected to the adjacehtrpgion by Al wiring. Thus, gain was achieved by using a low-cost mass-production process.

the source is directly connected to the ground through th&ipsub-
strate, which reduces the parasitic inductance and maximizes RF g%in
[5]. The spiral inductor was fabricated using conventional two-level Al
The gatewidth of power MOSFET's is much larger than that of GaAeterconnections. The cross-sectional view of the inductor is shown in
FET’s since the drain current density of the MOSFET's is lower. ARig. 4(a). The metal thickness was @5 for the first layer and 1.6m
increase in the gatewidth decreases the input and output impedanc®othe second layer. The spiral was fabricated using these layers con-
the device, resulting in a large matching loss [4]. Thus, the gatewidtlected in parallel by via to reduce the series parasitic resistance, except
should be minimized to ensure sufficient output power. Fig. 2 shows timethe underpass region.
gatewidth dependence of the simulated output power at the 3-dB-gaiThe inductor model should take into account the dielectric loss due to
compression point under a supply voltage of 4.8 V. This figure showlse Si substrate. In addition, we used an Si substrate with resistivity of
that a gatewidth of over 4.7 mm is required to achieve an output powiet nt2 - cm, thus, the skin-effect mode appears [10]. The conventional
above 25 dBm. We selected a gatewidth of 7.6 mm to ensure an outpttype lumped-element model cannot take into account it. We intro-
power margin of 2 dB. duced a new semilumped-element model [shown in Fig. 4(b)]. The in-
The gate finger design is important to achieve high gain. Fig. 3 shodsctorL; represents an spiral inductor model on dielectric substrates,
the simulated maximum stable gain (MSG) and maximum availabhéhich is implemented with most of microwave circuit simulators. Here,
gain (MAG) as a function of the gatewidth per finger, also known ake microwave simulator Series IV allow us to use a function of the
the gate finger length. When the finger length is more than 85 frequency for the substrate thickness parameter, thus, the skin-effect
a frequency of 900 MHz is in the MAG region, i.e., the MOSFET isnode can be modeled. The lumped capacitors and resistors represent
unconditionally stable at 900 MHz. In this case, however, a low-lo$lse parasitic elements due to the Si substrate. The model parameters
matching network is required to maintain high gain. When the fingevere extracted from the measurgeparameters.
length is less than 16pm, a frequency of 900 MHz is in the MSG We decided upon the outer dimensions of 400400 pm, the
region, i.e., the MOSFET is conditionally stable at 900 MHz. In thdinewidth and spacing of 2@m and 2um, and the number of turns
case, the loss of the matching network can stabilize the MMIC opeaft 3.5; these were selected to optimize the tradeoff between the loss
ation, and causes less gain reduction compared to the case wheratitk chip size. Here, the line spacing was narrow compared to the
MOSFET is unconditionally stable. We designed the finger length atidewidth. However, the parasitic capacitance between adjacent lines

Passive Element Design



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 8, AUGUST 2000 1409

Oo—T——T—T— port 1 port 2 yosrer
= | 1 b [ —t]—
probing = =
[oi}
o= pattern [} [ ] s2=lin
TE (GSG) J_
o ©
' U I L
5 8 i - @)
2 r T r T T
§ g I dots: measurements LN T0 —
2c [ [ lines: simulation . +1 @
5% | ) . 2
o | - - e
20k Ly , ) Jl , , Q “resistance %—
4 6 8 3 ™ o
gate width [mm] s 098 Nastly &
qhi Omoocgo_oﬁg’ AAAfr‘\/ 10 I
. _ _ _ 8 |+ —reactance LN
Fig.2. Simulated output power as a function of the gatewidth of the MOSFET. s RS e o N 2
The supply voltage was 4.8 V and the frequency was 900 MHz. ] | 2221 loss % -
¢ o2 T— 2
o poent ™ 1 8
30 ) P S S
o o T 0 0.9 1.8 2.7
Lfinger=250 pm L=0.6 pm frequency [GHz]
g 20
0] Fig. 5. (a) Schematic view of the test pattern f#parameter measurement
:s_( of the input matching network. (b) Resistance and reactance calculated from
D) $22, Which correspond to the signal-source impedance for the MOSFET and
g 10 | the insertion power losg12|%/(1 — |s22|?).
is negligible since parasitic capacitance due to the Si substrate is much
larger.
0 VYT The MOS capacitor was fabricated by using the gate process. The
10 frequency [Hz] 10 gate oxide film was used as the capacitor dielectric. The measured

quality factor of the MOS capacitor was more than 30 at 900 MHz.

Fig. 3. Simulated MSG and MAG dependence on the gate finger length
(Lsingor)-

Ill. RF PERFORMANCE

The fabricated on-chip matching network was evaluated by using a
test pattern shown in Fig. 5(a), which consisted of the matching net-
work and ground-signal—ground probing patterns. In the MMIC, port
1 will be connected to the 5Q-input line, and port 2 will be connected
to the gate. Thusi,» corresponds to the signal-source reflection coef-
ficient for the MOSFET. Fig. 5(b) shows the resistance and reactance
calculated frons22 and the insertion power loss. The simulated results
agreed well with the measurements up to the third-harmonic frequency.
Fig. 6(a) shows the power characteristics of the fabricated MMIC under
a supply voltage of 4.8 V at a frequency of 900 MHz. The difference be-
tween the simulated results and the measurements were less than 1-dB

port 1 port 2 gain and 3% in PAE. Fig. 6(b) shows the measu§ephrameters using
an off-chip output matching network. The ;| and|s22| at 900 MHz
Cr C2 were—19 dB and-6.3 dB, respectively. These results confirm the ac-
%Rm %Rcz curacy of our design technique.
The fabricated MMIC shows a linear gain of 15.2 dB and an
(1: model of spiral output power of 27.1 dBm with a PAE of 60% at an input power of
inductor on insulator 16 dBm, as shown in Fig. 6(a). Although this MMIC was fabricated
b by using a low-cost mass-production LSI process with two-level Al

interconnections, the gain and PAE were comparable to those for
Fig. 4. (a) Cross-sectional view of the inductor. (b) Semilumped-elemefliscrete MOSFET's. The amplifier maintained excellent performance
model for the spiral inductors on the Si substrate. even under a lower supply voltage of 3.4 V. In this case, a linear gain
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Direct Measurement of Crosstalk Between Integrated

1
frequency [GHZ] Differential Circuits

(b)
David E. Bockelman and William R. Eisenstadt
Fig. 6. (a) Power characteristics of the Si MOS MMIC amplifier under a
supply voltage of 4.8 V. (by-parameters of the MMIC under a supply voltage
of 4.8 V. Abstract—Silicon integrated-circuit test structures have been fabricated
that allow direct measurement of crosstalk between differential transmis-
sion lines and between single-ended transmission lines in the presence

of 14.3 dB and an output power of 24.1 dBm with a PAE of 57% arfef absence of a metal ground plane. The differential test structures

’ . Lo are characterized with mixed-mode scattering parameters (common
a power gain of 10.1 dB were achieved. mode, differential mode, and mode conversion), as measured with the
pure-mode vector network analyzer. Comparisons with simulation show
good agreement for differential-mode crosstalk, and the dependence
IV. CONCLUSION of crosstalk on transmission-line separation is presented. Difficulties in

) ) » simulating crosstalk for even simple structures illustrate the utility of
We have described an Si MOS MMIC ampllfler for 900-MHZ-banq;|irect measurement of crosstalk.

use fabricated by y_smg a Iow_-cost mass-production LS| process. W? dex Terms—Crosstalk, differential circuits, network measurements,
analyzed the stability and gain dependence on the gate structur%éﬁtermg parameters.

the MOSFET, and optimized the loss of the matching network and

gate structure to achieve high gain and stability. The fabricated MMIC

achieved a linear gain of 15.2 dB and an output power of 27.1 dBm |. INTRODUCTION

with a PAE of 60% under a supply voltage of 4.8 V. In many integrated-circuit (IC) applications, unintended coupling

(or crosstalk) of signals between circuits can be a critical performance
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100£€2 load

10 mm :l

A

Fig. 1. Top view of structure for measuring crosstalk between differential transmission lines.

crosstalk must be either verified to be acceptably low or reduced to an «—— D ——»

acceptable level in sensitive applications. 20
T ST N - pm—= W
Circuit-to-circuit crosstalk is highly dependent on the circuits and ’1 M b !'
A A\ 20 KA

structures involved. Circuit topologies, impedance levels, physical

layout, and IC technology all play critical roles in determining S10; 15 Kf
crosstalk strength. Crosstalk between two complex circuits can be dif- SiOZMetal'l (Al 1 2 E’;
ficult to measure, simulate, or predict due to the large dynamic-range ‘{
requirements for such a measurement and the lack of accurate RF Si 100 Q-cm 750 um
differential measurement capability. A

This paper describes a method for the direct measurement of
crosstalk between simple differential and single-ended integrated (a)
transmission lines. The direct measurement of differential circuits is rv D —»
accomplished with a recently developed pure-mode vector network
analyzgr (PMVNA) [1]. They PMVNE mepasures the differential- Opm , NAD [ —20um

and common-mode responses of a device in terms of mixed-mode
scattering parameters-parameters) [2]. The accurate measurement
of these mixed-mode-parameters and the increased dynamic range
compared to single-ended measurement has been demonstrated
on-wafer [3]-[5]. With these recent developments, the RF crosstalk si
between integrated differential circuits can be directly measured.

Si0,
7.7 2 7
Si0,

Il. CROSSTALK EXPERIMENT DEFINITION ®

For this paper, crosstalk is examined for differential transmissidiiy. 2. Cross-sectional diagram representing some of the types of crosstalk
lines and compared to single-ended transmission lines, where both ligggeriments. (a) Two single-ended lines with metal ground plane. (b) Two
are characterized with and without a metal ground plane. The badierential line pairs with metal ground plane.
crosstalk experiments consist of pairs of adjacent transmission lines,

fabricated with aluminum on a silicon substrate, with each pair Sepgij dominate the measured crosstalk. Furthermore, the measured
rated by a different distance, as shown in Fig. 1. The transmission lifgghsmission will not be significantly affected by the probe-to-probe
used in the experiments are illustrated by the cross-section diagrafpssstalk. It has been shown, at separations and frequencies used in
of Fig. 2; the experiments without a metal ground plane are the sarjigs paper, the probe-to-probe crosstalk and the crosstalk due to the
except the transmission lines are formed in the first metal. Each rapfobe pad structures will be less tharl20 dB for the differential

mission line in the pair is terminated with a resistive load (D®r  ,0de and less thas 100 dB for the common mode (well below
differential lines, 50 for single-ended lines), which allow two-port j,aasured crosstalk) [6].

measurements of the transmission-line pairs, where the transmission
(saaz1 for differential lines,s2; for single-ended lines) is the measured
crosstalk.

Each transmission line is 10-mm long, not including the
100:m-square probe pads. This relatively long length decreasesThis section describes the results of differential and single-ended
the significance of end effects such as the probe pads and resistansmission lines without a distinct metal ground plane. The measured
loads. With such structures, the crosstalk of the transmission line®e-to-line crosstalk of the differential and single-ended transmission

I1l. M EASURED CROSSTALK OF TRANSMISSION LINES WITHOUT
METAL GROUND PLANES
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lines are summarized in Fig. 3. The solid lines in this figure show the -10 » - simulated
various measured crosstalk at 1.0 GHz as a function of the normalized . 0 l?"ended
line separation. Crosstalk is measured as the magnitude of the trans- . | i measured |
mission between the adjacent lines (i%4421, Sccz21, €tc.). Comm'gre:_lf;lggg N :
Also shown in Fig. 3 is the simulated line-to-line crosstalk of dif- ~ B
ferential and single-ended transmission lines (dashed lines) as con-
ducted in Hewlett-Packard’s Microwave Design System (MDS) [7].
These structures are modeled as coupled microstrip transmission lines
on a thick lossy dielectric of silicoref = 11.9, loss tangent 1.5),
as described in [8] and [9]. The dimensions of the microstrip model
are that of the physical structure. The dielectric thickness is nominally
750 um, but is forced to be less than 50@n in most cases due the di-
mensional limits of the MDS coupled microstrip model. In the model, .
a ground plane is below the dielectric. The metal thickness of the signal simulated L7
lines is modeled at 0.6m with a conductivity of 2x 10° Sie/m (ap- I differential 4 \
proximately half that of bulk aluminum). Additionally, the differen- 120 ] I ‘
tial structures have also been simulated with Hewlett-Packard’s Mo- 1 10 100 1000
mentum planar electromagnetic structure simulator [10] with very sim- separation (D/W)
ilar results. i ) ) ) o
AS an be seen n Fig 3, the agreement between meastred and S Mesuies ne e sossac (o1 1. S o v wagemisen
ulated crosstalk of the single-ended transmission lines is quite go '
with reasonable agreement for the differential- and common-mode
crosstalk between the differential transmission lines. The deviation be-

* simulated
common-mode

a
il

measured
differential —

Crosstalk Mag. (S5;) in dB

icate measured data and dashed lines indicate simulated data.

tween simulated and measured crosstalk is likely due to the maximum 1o j ’ |
allowable substrate thickness in the model, which decreases as the - ; =
line separation increases. The electromagnetic structure simulations §\ single-ended |
(Momentum), which have no such limitations, agree more closely to 2 i \\\4, .
measured data at these wide separations. 5 H N comman-)
These measurement allow some basic observations about crosstalk ;;a N : ‘%—
between IC interconnections. Fig. 3 clearly shows the measurable s “\?\\ " differential |
reduction of crosstalk in the differential mode in comparison to the s ‘?“l\; \ / i N
common mode and the single-ended line (20 dB at small separations %3 3t = -— common —
and 70 dB at large separations). The measured differential crosstalk o .‘“..-_;\‘\\ rﬁgﬂi;’/ o
decreases nearly as the theoretical limil pD*, whereD is the line S | single-ended ¥ / ‘\\\ —EE
separation. The common-mode and single-ended crosstalk decrease ‘—W/g@—"d——*\ \::]
approximately asl/D. The absolute level of crosstalk between __di/fferemigl AN
transmission lines will roughly scale with transmission-line length (for 1o e groune | ~
L < \/4), but the relative strength of the crosstalk for single-ended 1 10 100 1000
lines with respect to that of differential lines will be approximately separation (D/W)

independent of length. While this paper reports measured results at
1.0 GHz, these trends have been demonstrated across frequencyFig]4. Measured line-to-line crosstalk (at 1.0 GHz) for various transmission
where the crosstalk strength is a function of line separation in ter#¥s as a function of line separation. Solid lines indicate single-ended and

of wavelenath differential transmission lines without metal ground planes. Dashed lines
gtn. indicate single-ended and differential transmission lines with metal ground
planes.

IV. M EASURED CROSSTALK OF TRANSMISSIONLINES WITH METAL
GROUND PLANES simple structure, crosstalk simulations can be difficult to obtain. In this

hi ¢ . , h K perf ¢ case, direct measurement of crosstalk allows quantization of crosstalk.
This set of experiments examines the crosstalk performance o NWith a metal ground plane, the crosstalk of all transmission lines

tegrated transmission lines where a metal ground plane is used. qus?educed. When compared to structures without ground planes,

structures are the same as those in the previous section, excepttﬁ@tdiﬁerential-mode crosstalk is reduced by at least 20 dB, the

first metal is used for a ground plane and the transmission lines ASmmon-mode crosstalk is reduced by at least 30 dB, and the

formed from second metal. The line-to-line crosstalk of the differentia|, »ja_ended crosstalk is reduced by at least 40 dB. This reduction is
and single-ended transmission lines are summarized in Fig. 4,(d,asgq’§sult of the small height of the signal conductors over the ground
lines), with the measured results from the previous section (solid l'n‘?ﬁgne. In this case, the metal ground plane confines electromagnetic

included for comparison. fields, causing significantly less coupling (crosstalk) compared to the

_Simulations of the crosstalk between these structures are nof&fggr-ne structures without the ground plane. The reason for fluctuations
sible with MDS due to the extremely thin dielectric layer (15 KA)y¢ the crosstalk is unclear, but may be related to second-order effects.
between the signal conductors and the ground plane, which leads to

a large width-to-height ratioWf /H = 13.33) [7]. These structures
are also difficult to simulate with electromagnetic simulators like Mo-
mentum. The thin dielectric layer, finite metal conductivity, and the re- With the PMVNA and mixed-modes-parameters, the crosstalk
quired numerical dynamic range (more than 100 dB) results in imprdwetween integrated differential transmission lines can be directly
tical computation time and memory requirements. Thus, even withmeeasured. The measured differential-mode crosstalk compared well

V. CONCLUSIONS
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with simulated data, providing validation of the measurements. Thedavo-Dimensional Computer Analysis of a Microwave Flat
simple transmission-line structures have illustrated the difficulty in Antenna Array for Breast Cancer Tomography

accurately simulating IC crosstalk. Thus, direct measurement of RF

crosstalk can be a reliable tool for complicated structures wheféexandre E. Souvorov, Alexander E. Bulyshev, Serguei Y. Semenov,
simulation is not practical or possible. Additionally, these results can Robert H. Svenson, and George P. Tatsis

be used to estimate the crosstalk between transmission lines of any

length less than a quarter-wavelength since the coupling approximately ] ) ) )
scales with length in this case. Abstract—in this paper, we report a two-dimensional computer simu-

For IC i | basi Ui b lation of a microwave flat antenna array for breast cancer tomography.
or Interconnects, several basic conclusions can be SUPPOREEL ney technology promises reduction of X-ray exposure and easier ac-

experimentally. First, differential interconnections on IC’s can signitess to peripheral areas of the breast. Using our version of the Newton al-
icantly reduce crosstalk compared to single-ended interconnectiog®ithm, we studied two simple mathematical objects and a more sophisti-
Second, the crosstalk s approxmatey inversely proportonal to (RS o Gneneonal ade of he rest il lkes o accouy K
cube O,f the separation for. pairs of Fjlﬁereqtlal lines, anq Inversg lations show that, operating at 2 GHz, this device may give very reason-
proportional to the separation for pairs of single-ended lines. Thirgyle images of tissues located up to 3—4 cm beneath the surface.
the use of metal ground plan_es for IC interconnections _great_ly redu_celsndex Terms—Breast cancer, image reconstruction, inverse problems
crosstqlk over structgres without ground planes.. Using d'ﬁerem'ﬁ%crowaveimaging, Newton méthod, tomography. tumors. '
transmission lines with ground planes, a very high degree of cir-
cuit-to-circuit isolation can be achieved, even on high-density IC’s.

I. INTRODUCTION

REFERENCES Microwave imaging of biological objects has been studied for quite

[1] D. E. Bockelman and W. R. Eisenstadt, “Pure-mode network analyzarlong time. Several prototypes of microwave tomographes have been
for on-wafer measurements of mixed-mode s-parameters of different@nstructed, and have produced images of a heart, kidney, forearm, and

EEE‘E’Q;EEE Trans. Microwave Theory Teghiol. 45, pp. 10711077, iy piological objects [1]-[5]. Recently, it was suggested [6] that mi-

[2] —, “Combined differential and common mode scattering parametefsFOWave imaging may be very promising for breast cancer detection.
Theory and simulation,/EEE Trans. Microwave Theory Techol. 43, Using dielectrical properties of breast tissues found in the literature,
pp. 1530-1539, July 1995. a finite-difference time-domain (FDTD) simulation of an electromag-

[3] ——, “Calibration and verification of the pure-mode vector network anpatic pulse propagation carried out in [6] showed that backscattered ra-
alyzer,”IEEE Trans. Microwave Theory Techol. 46, pp. 1009-1012, . .. Lo .

July 1998. diation from a cancer tumor as small as 2 mm in diameter is detectable.

[4] D. E. Bockelman, W. R. Eisenstadt, and R. Stengel, “Accuracy estimBrovided that it gives clear enough images of the breast tissues, the flat
tion of mixed-mode scattering parameter measuremef&E Trans. antenna array discussed in [6] would be a great tool. It would elimi-
Microwave Theory Tectvol. 47, pp. 102-105, Jan. 1999.  ~ npate the uncomfortable pressure and exposure to X-rays experienced

[5] D. E. Bockelman, “The theory, measurement, and application 6f ammography. In addition, it can be easily applied to the peripheral
mode specific scattering parameters with multiple modes of propaga- . . -
tion,” Ph.D. dissertation, Univ. Florida, Dept. Elect. Computer Engareas of the breast, which are hardly accessible by conventional mam-
Gainesville, FL, 1997. mography.

[6] W.R.Eisenstadtand D. E. Bockelman, “Differential and common-mode Mathematical methods of monofrequency microwave imaging have
crosstalk characterization on a silicon substral&EE Microwave peen discussed extensively in the literature. Different modifications of
Guided Wave Lettvol. 9, pp. 25-27, Jan. 1999. . .

[7] Hewlett-Packard Company, Santa Rosa, CA, HP 851508 microwabrn and Rytov approximation methods have been used for problems
and RF design syst. user doc., 1992. with relatively low contrast in dielectric properties. More complicated

[8] R. Lowther, P. A. Begley, G. Bajor, A. Rivoli, and W. R. Eisenstadtmathematical reconstruction algorithms based on Newton and gradient
“Substrate parasitics and dual-resistivity substratd$E Trans. Mi- - minimization methods have been developed and successfully used for
crowave Theory Techvol. 44, pp. 1170-1174, July 1996. _reconstruction of objects with high contrast. An extensive list of works

9] T. M. Hyltin, “Microstrip transmission on semiconductor dielectrics, . . :
Bl IEEE Tl};ns. Microwavg Theory Tecvol. MTT-13, pp. 777-780, Nov. ON this subject can be found in [7]. All of these methods assume that: 1)

1965. the scan configuration provides the full view data, i.e., the object is il-
[10] HP Momentum A.02: User’s Guig@rd ed., Hewlett-Packard Company, luminated from all possible directions and 2) the object is embedded in
Santa Rosa, CA, 1995. a known and uniform background medium. None of these assumptions

is valid for breast imaging with a flat antenna array. For the points that
are close to the array, the field of view is about 1,8@hich is only half

of the full view, and it tends to become zero for the points far from the
array. This turns the imaging into a limited view problem [8] and will
affect its quality. We have every reason to believe that this effect, as
well as the absorption, will reduce the visible area to a nearby vicinity
ofthe array. Furthermore, although a breast itself can be considered as a
relatively homogeneous medium [6], there are muscles, ribs, and lungs
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Fig. 2. Reconstruction of four circles plunged on different depths.
Fig. 1. Geometrical configuration of the calculations and breast model. 1) Part
of the mesh for the inverse problem. 2) Ribs. 3) Fat layer. 4) Skin. 5) Antenna N €

array. 6) Muscle layer. 7) Breast tissue layer. 8) Lung layer. 9) Tumors. 1o ' sy ?g.g
] 19.3
only a few centimeters below. However, we hope that the absorption e ] 1?‘3
and limited view would restrict the effect of this area on the image. 2 17.3
Located in close proximity of the array, a thin, but high contrast skin sk ] 16.6
layer may produce strong backscattering, which makes the problem 5 f. ] 16.0
even more complicated. We suggest an approximation method of - ] 12'2
dealing with such a layer, provided that its thickness is sufficiently 251 (. i 14.0
small. ] 13.3
In this paper, using a modification of the published earlier Newton ol (. ] 13-3
algorithm [7], we analyze a simplified two-dimensional mathematical ] 13
model and, in computer experiments, show the possibilities and limi- ] 10.7
tations of breast cancer detection with a flat antenna array. 2.5 benniiieinne i 10.0
76 5 4-3-2-10
X, [cm]
Il. METHODS
. . . . . Fig. 3. Reconstruction of a chain of four circles parallel to the array.
We examined an ideal model of a two-dimensional 10-cm-wide an-
tennaarray of 31 equally spaced elements serving as point-source tran g
mitters and receivers of 2-GHz microwave radiation. This array is lo- A i e namns m 50.7

48.2
§ 45.6
43.1
40.5
38.0
35.4
32.9
30.4
27.8
25.3
227

cated 0.5 cm apart from the breast surface, as shown in Fig. 1 as sme L
black circles. In Figs. 2—4, ithas coordinates- 0.5 and—5 < y < 5. r
We suppose that the array is embedded in an immersion medium witl L
the relative permittivitysy = 10 — 52, which is close to that of normal
breast and fat tissues [6].

Our study is a computer simulation, which means that, as the first —,
step, we obtain initial data. Usingraathematical modedf an object, _ﬁ of
we calculate the fields, which could have been measured by the arra >
in the presence of this object. Then, as if these data were experiment:
ones, we obtain the image and, finally, compare this image with the

25

TS T T SRR (N SR SHY R S F S

original mathematical model. 25 20.2
In the two-dimensional approach, the use of a TM wave has beer I 17.8

commonly accepted as a method of reducing the vector Maxwell's 1215

equations to the scalar Helmholtz equation. We have earlier describe 5 K BTy gt R 10:0

our version of the Newton method for microwave imaging [7]. Ac- 5 4 -2 0

cording to this method, we start with some reasonable guess about th X, [em]

relative permittivity (usually for this purpose we use the permittivity

of the immersion medium) and calculate the fields on the array. Fog- 4. Reconstruction of the breast model.

this stage, called the direct problem solution, we use the algorithm de-

scribed in [7] and [9]. Comparing calculated fields with measured onasse a rectangular mesh, which is half a square 20-cm high and 10-cm
we can then improve our guess and, hopefully, obtain a better appraxiele with 60x 30 cells (part of it is shown in Fig. 1). This mesh is em-
mation to the permittivity. This stage is called the inverse problem solbedded into a bigger polar mesh, which is used for the direct problem.
tion. Repeating these stages, we eventually obtain the final image. We polar mesh is 30 cm in diameter and, usually, has 256 nodes over
apply the dual-mesh approach [10] when the direct and inverse profe angle and 128 nodes over the radius. When we calculate initial data
lems are solved using separate meshes. For the inverse problemfaxehe objects with a skin layer, we use a very dense mesh of 2048
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and 600 nodes. With the receivers being inside the calculational dg-= 38.5 — j11.4. It is worth mentioning that the criterion (1) in this
main, the only modification of our algorithm [7] is the elimination ofcase is about 0.25.

the last step of the scattered field calculations, which takes into account

the wave propagation from the calculational domain to the receivers [7, 11l. N UMERICAL RESULTS AND DISCUSSION

eq. (13)]. . . . ) . .
A millimeter-scale thickness of the skin layer presents a consid?r-F'g' 2 displays the image of the first object. Although slightly de-

able challenge for both obtaining the initial data and imaging. In thgrweg’ twof(i;:d?; %Ios_eslt to tge atrrr]r?ly ar?ttl:qle?rlytshowr_;_.h\_/ve seeltonl_y

former case, when we know the exact distribution of the permittivitaf S\W{as t?]vg geptﬁ ofli)eﬁltre(t:r:t%nn fgfsulgﬁ g de\?iczstoog 84 cn;S ;ei;Lijlarrl‘i/

we choose a dense enough mesh and solve the problem applyin . . A ) '
9 P bpyIng ig. 3 illustrates that the visible area of a flat array does not extend far

computer power. In the latter case, the problem is of a more funqg; ond its boundaries, which we could have expected from the ver
mental nature because the restricted spatial resolution, inherent in fe ! P y

microwave tomography, does not allow us to recover the transvepz,‘e Ihnemirr]r?a; e of the breast model is shown in Fid. 4. For the purbose
structure of the skin layer. Although, we can altogether forget abo(l# 9 9. purp

its structure and consider the skin as an infinitesimally thin layer, if ”}SCIQUCSJE tlolr;,hatfkt]irr(;kla:tal'ln;nge:fr;gttl.mage, Vi’;z f'”/eAd a L%V:ecg .tgfhzur-
layer is optically thin, which means that its relative permittivityand hsi Wé:l o th Ve p tl 'V'tt”yo T yl)dl' ’ V\t/h ' I'I A
thickness:. meet the condition mesh size. Close to the array structures, including the malignant zone

and skin, are clearly visible. We do not see any trace of the fat layer be-
|27 /Z5 he A < 1 1) cause ithasthe permiFtivity practically equal to that of the normal breast
tissue. Structures buried deeper are represented only by vague shapes,
where) is the wavelength in the vacuum. Indeed, the scattered wadkbest, allowing for estimation of the thickness of the muscle layer.
E. induced by the skin layer embedded into the immersion mediu¥de can conclude that, although a flat array cannot see clearly deeper
with relative permittivitys, can be calculated using the field insidethan a few centimeters, this does not considerably affect the image of

the layerE and Green's function of the Helmholtz equatiéh = the nearest and most interesting zone. Structures located deeper than
—exp(—j /Zor/\) /4 3-4 cm beneath the surface neither appear on the image nor affect the
imaging of the upper layers.
27\° [ . We have carried out calculations with different numbers of antennas
E. = <T> /( —c0)EGdV. ©) and different sizes of the mesh for the inverse problem. Reducing the

- ) ) antenna number to 15 does not affect the image quality, while seven
If condition (1) is met, we can factor out boffi andG from the in-  antennas seem to be insufficient. The optimal mesh should be twice as
tegral over the transverse directionwhich is equivalent to substitu- wide as the array. Although the array cannot image objects located that

tion of e, for theey + S(y)é(x), whereS(y) = f(ss —co)dz. In far, a smaller mesh tends to distort images.
terms of the direct problem for the Helmholtz equation, this substitu-

tion eliminates the need for any extremely dense mesh and fits nicely REFERENCES
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A 140-170-GHz Low-Noise Uniplanar Subharmonic P

Schottky Receiver =

= .
Gildas P. Gauthier, Jean-Pierre Raskin, and Gabriel M. Rebeiz %ﬁ-
W/
Abstract—A 150-GHz Schottky-diode subharmonic receiver based on f#j(;_/ 1.0 R
a coplanar-waveguide-fed double-folded-slot (DFS) antenna is presented T 200
to m

in this paper. The DFS antenna is placed on an extended hemispherical R
high-resistivity silicon substrate lens to achieve a high directivity and a high 0
coupling to a Gaussian beam efficiency. The uniplanar receiver resultsina __ . o . .
124-0.5-dB measured double—sideband conversion loss at 144-152 GHz for™19- 1. Radar for automotive applications: 3-dB beamwidth of i Sequired
a8-10 mW local-oscillator power at 77 GHz, and has a wide-bang{ 13-dB 10 resolve a car at 100 m.

conversion loss over 30 GHz of bandwidth (140-170 GHz). The measured

conversion loss includes silicon lens absorption and reflection losses, as well

as IF mismatch losses. The applications are in new small aperture (7.5-cm | e P
ilemie | L0

lenses) collision-avoidance radars at 150 GHz. probe pad i
i ‘ : i
Index Terms—Millimeter-wave antenna, millimeter-wave receivers, bl - 15/24/15 - W e =
Schottky diode mixers. : N iy ik
5
I. INTRODUCTION : 2
. . . . . . o % !
Automotive electronic applications require light, small, and low-cos ” reference plane 3Wl @
circuits at millimeter-wave frequencies. The current design frequency
for automotive systems is 77 GHz in Europe and other countries (SUgH. 2. 150-GHz DFS antenna.
as the USA). The far-field beamwidth of an antenna is given by the
aperture size and is proportionaltgD, whereD is the aperture diam- 20 Q @94 GHz 50 Q @79 GHz

eter. Therefore, at this frequency, 15-cm lenses are required to achieve
the appropriate resolution at 100 m (13%&dB beamwidth). If 154 GHz

is used, then the same beamwidth can be achieved using a 7.5-cm len¢
(Fig. 1). This would make the automotive radar smaller and more prac-
tical for modern automobiles.

Integrated-circuit uniplanar receivers consisting of planar antennas,
matching networks, and mixers often rely on coplanar waveguide
(CPW) technology and offer many advantages over waveguide-based
systems. The designs are low cost and easy to fabricate, especially
at millimeter-wave frequencies. Two planar CPW-fed antennas have
been used commonly in integrated millimeter-wave receivers. The
double-slot antenna has been demonstrated in a 94-GHz fundamenta
Schottky receiver [1], but the antenna geometry does not allow for
RF amplification before down conversion. The slot-ring antenna has
been used in &V-band integrated monopulse radar receiver based
on a subharmonic mixer [2], and is an attractive candidate for array
applications due to its compact size. However, the slot-ring antenrig. 3. Measured input impedance of the scaled 70-110-GHz DFS antenna.
has a relatively high input impedance (100—X20and is not suitable The inputimpedance is 20 at 94 GHz.
for low-impedance Schottky-diode receivers. In this paper, a 150-GHz
uniplanar subharmonic Schottky-diode receiver is developed relying state-of-the-art Schottky diodes and high-speed transistors for
on the double-folded-slot (DFS) antenna, which has a low inptiillimeter automotive systems.
impedance [3], [4]. The design follows earlier work done by Raetan
al. [5], but in an integrated antenna—mixer structure [6], [7]. This is Il. RECEIVER DESIGN
different than waveguide-based subharmonic mixers, which provide
excellent performances up to 600 GHz [8], [9]. In this case, the locat D
oscillator (LO) is injected on-wafer, resulting in a simple and com- The subharmonic receiver is based on the University of Virginia
pact receiver. The design is compatible with monolithic integratioBchottky diode SC1T7-D20 and consists of two back-to-back diode

junctions with very low junction and parasitic capacitanc€s(=
2.5 fF, C}, = 11 fF). The dc parameters are deduced by curve fitting
from the measured IV curve and ake = 6.5 Q, n = 1.163, ®, =

Manuscript received July 8, 1999. This work was supported by tl*@_842, v =0.5,andl, = 4 x 107 A, resulting in a figure-of-merit

Daimler—Benz AG Research Center, Ulm, Germany. 1 /o ) N
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Computer Science Department, The University of Michigan at Ann Arbor, AnkO, and IF input impedances of the back-to-back diodes are simulated

iode

Arbor, M| 48109-2122 USA. using an adapted version of Kerr's subharmonic mixer analyasisl
J.-P. Raskin is with the Microwave Laboratory, Universite catholique de Lou-

vain, B-1348 Louvain-la-Neuve, Belgium. 1S. A. Mass, Private Consultant, Diode Mixer Analysis Program, Long Beach,
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-30 ' The 150-GHz double-folded slot antenna is 38@-long (0.5\, or
3020 10 0 o 20 30 180 at 154 GHz), with a separation of 320n (0.4,), based on HP
Angle (Degrees) Momentun? simulations. The inputimpedance of the DFS antenna has
(b) been measured on a scaled version of the antenna at 70-110 GHz and

Fia.4. DFSant diati " q 127 " | compared with Momentum simulations (Fig. 3). The results indicate
1g. 4. antenna raaiation patterns measured on a ./-mm silicon len ’ . . . .

(a) 150 GHz and (b) 154 GHz. The measured cross-polarization Ievelsmthe?ﬁét .the DFS _antenna has a very wide impedance bandw@th with a
and H-planes are below-25 dB. relatively low input impedance of 20 at 94 GHz (corresponding to
154 GHz), which is a very good match to the diode RF impedance
(22 — 430 ©2). Furthermore, the DFS antenna is a dc open circuit, and

areZrr = 22 — j30 Q, Zro = 37 — j100 Q, andZr = 120 2 at . . . .
il J Lo o/ v o dc filter is needed in the RF port to block the dc-bias component of

an RF of 154.2 GHz, an LO of 77 GHz, and an IF of 0.2 GHz, respe

. o . . diode.
tively. The minimum double-sideband (DSB) conversion loss for sué € ) _
a digde is simulated to be 5.5-6.0 dB(at a)8—10-mW LO power overThe far-field radiation patterns of the DFS antenna placed nearly

the 150-154-GHz range. However, wilh, = 6.5 Q due to the skin at the elliptical position of a 12.7-mm-diameter silicon lens are mea-

resistance, the diode series resistance is expected to be around10-1 red at 150-154 GHz. The ”.‘eaS“E dand H -plane patterns a_t 150
at 150 GHz, resulting in a DSB conversion loss of 7—8 dB. and 154 GHz are shown in Fig. 4. The patterns are symmetrical even

with the presence of small amounts of spurious radiation down to the
B. DFS Antenna —17-dB level, attributed to the CPW feed line and CPW stubs in the RF
. _ circuit. The—3- and—10-dB beamwidths are’&nd 15 at 154 GHz,

The DFS ar_ltenna is an array of two folded-slot antennas (F'Q- @sulting in a co-polarized directivity af0.2 dB, calculated by aver-
placed approximately\y/2) apart. Each folded-slot antenna acts “k%ging the measuref- and H-plane patterns, and a maximum aper-
al\,/2-long folded CPW line. The wavelengthig and ), are the di- ture efficiency of 92£3%. The sidelobe levels remain belewl5 dB
electric and guided wavelengths, respectively. The two folded-slot al}-1=0_154 GHz and the measured cross-polarization levels if-the
tennas are fed in phase using\g/2-long (180-long) CPW line, re- ;4 _pjanes are below: 25 dB. The 10-dB beamwidth of 18 given
sultingin symm_etri(_:al radiation patterns in the broadside direction, agg the silicon lens (12.7-mm diameter) that was available for pattern
low cross-polarization levels(-23 dB) [3], [4]. However, the phys- measurements; when the DFS antenna is used in a focal plane system,

ical separation isXy/2) for good radiation patterns in the dielectricthe lens diameter should be reduced to 3.2 mm so as to result in a
and is, therefore, shorter than thg/2 feed line. This problem is easily

solved by bending th&, /2 feed line, as shown in Fig. 2. 2HP-EEsof Inc., Westlake Village, CA.
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ISM AND COMPARISON

WITH MEASURED RESULTS AT 140-170 GHz

DFS Antenna and Dielectric Lens

Calculated Back-Side Power Loss 0.5 dB
Estimated Lens Absorption Loss 1.1 dB
Residual Lens-Air Reflection Loss 1.0 dB
DFS Ohmic Loss ~ 1.0 dB
Mixer

Calculated DSB Diode Conversion Loss 7-8 dB
RF CPW Attenuation Losses 0.8 dB
IF Section

IF Probe and Atternuation Losses 0.3 dB
Total Calculated DSB Conversion Loss | 11.8-12.8 dB
Measured DSB Conversion Loss 12+0.5 dB

shorted stub also provides the dc and IF shorts. The RF choke consists
of two 0.2-pF capacitors placedrr /2 apart in the IF port, resulting

in a 10-GHz cutoff frequency (Fig. 5). The 0.1-2.0-GHz IF signal is
also extracted on-wafer usingla-band probe. The design takes into
account the packaged diode feeding lines, which are estimated to be
70° (or 35) long at the RF (or LO) frequency. The substrate is high-
resistivity silicon €. = 11.7) capped by 2500 A of $N.. The S;N,

layer is etched in the CPW lines, resulting in an effective dielectric
constant ok.qs = 6.0 at 77 and 154 GHz. In all cases, the CPW line

) . im[t)edance iS52 (s = 24 umandw = 15 pm). The CPW attenuation
Fig. 6. (a) Measurement setup and (b) measured DSB conversion Ios§/\,%1
142-170 GHz for an IF frequency of 0.2 and 1.4 GHz.

DSB Conversion Loss (dB)

20

19+
18+
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16+
151
14+
13t

\ 138 GHz c‘a/ 150 GHz
|
i
\
\
\
\
\
1

146 GHz \\ ~
N,

5 6 7 8 9 10 11
LO Power Available at the Probe Tip (dBm)

12

s measured at 70—-110 GHz, and the extrapolated loss at 150 GHz is
0.9 dB/mm.

I1l. M ILLIMETER-WAVE MEASUREMENTS

The receiver is built using standard photolitographic techniques,
and the metallization is 6000 A of evaporated gold (two skin depths
at 150 GHz). The CPW grounds are equalized with electroplated air
bridges (20xm wide, 31:m thick), and the Schottky diode is connected
to the CPW lines using silver epoxy. The receiver is placed on the
back side of a 12.7-mm-diameter extended hemispherical silicon lens.
The extension length is 2450m to reach an intermediate position,
where the coupling to a Gaussian beam is 919.,4/4-thick stycast
matching-cap layer was used to reduce the silicon lens reflection losses
[see Fig. 6(a)], whera,, = Aq/+/€-. The IF chain was calibrated at
0.2 and 1.4 GHz, with a gain and noise temperature of 93.8 dB and
110 K, and 93.6 dB and 103 K, respectively.

The subharmonic receiver DSB conversion loss was measured
using the hot/cold load method for an IF frequency of 0.2 and

Fig. 7. Measured DSB conversion loss versus LO power available at the probg GHz and are presented in Fig. 6. A receiver DSB conversion
tip at 146, 150, and 158 GHz.

loss of 12:0.5 dB is measured at 144-152 GHz, for an available
LO power of 8-10 mW at the probe tip (Fig. 7). The conversion

beamwidth of 60, which is compatible with f1 lens systems. The di{oss is close to values obtained in current 77-GHz radar systems.
ameter of the f1 lens should be around 7.5 cm for & heamwidth.

C. Mixer Design

The conversion loss is less than 13 dB at 140-170 GHz, resulting
in a 20% bandwidth. The measurement includes the IF mismatch
and probe losses (0.3 dB), the backside radiation losses (calcu-

The mixer design is very compact (2 2 mm), and LO and RF lated to be 0.5 dB), and the silicon lens absorption losses (1.1
matching networks are notincluded for simplicity. The 70-85-GHz L@B). Also, the CPW attenuation loss between the antenna and
signal is injected on-wafer with® -band picoprobe, and is shorted atmixer is estimated to be 0.8 dB at 150 GHz. The ripples in the
the RF port by a 417:m long (\;1.0/4) open stub. The RF signal is measurements indicate the matching-cap layer is not optimum and
shorted at the LO port by a 420m-long (\,rr/2) shorted stub. The the reflection losses at the silicon—air interface are estimated to
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be 1.0 dB. The total calculated losses are then 10.7-dB DSB, Reflection Resonances and Natural Oscillations of
including the ohmic losses in the DFS antenna, estimated to be Two-Aperture Iris in Rectangular Waveguide
1.0 dB (due to the small dimensions of the folded slots), but not

including the losses of the stubs before and after the diodes. This Anatoly A. Kirilenko and Lyudmila P. Mospan
compares well with the measured1@.5-dB DSB conversion loss
(Table 1).

Abstract—The total reflection resonances that take place at the excita-
tion of a two-slot resonant iris in rectangular waveguide are discussed in
IV. CONCLUSION this paper. Considering the iris as an open-resonator-waveguide structure,
the pair of natural oscillations responsible for such resonances was numer-
A planar integrated subharmonic receiver has been developedcally found and investigated. It is pointed out to a parallel between the re-

140-170 GHz. The receiver shows a wide-band DSB conversil§§tion resonances in two-slot irises and “locked”-mode resonances in mul-
loss of 11.5-13.5 dB at 140-170 GHz due to the wide-barf'od® Waveguide structures.

low-input impedance of the antenna (20), which presents a Index Terms—Complex natural frequencies, multislot iris, rectangular

good match to the subharmonic diode input impeda®e—(j30 Waveguide, rejection resonance.

2). The local oscillator can be integrated on-chip at 77 GHz,
resulting in a low-cost uniplanar monolithic receiver for future

4 N, I. INTRODUCTION
automotive applications.

The multiple rectangular aperture irises have aroused some interest
before due to a possibility to design low-cost bandpass filters with low
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i B ] Fig. 4. The natural frequencies of “symmetrical’s(,.,) and
Fig. 1. Frequency response of the two-slot iris for zero difference between tgitisymmetrical” ¢;,.,,) modes of the two-aperature iris as a function of
widths of the upper and lower slots. The solid curve is the exact solution of thgference between widths of the upper and lower slots.
scattering problem. The dashed curve is the frequency response reconstruction

in accordance with two natural frequencies. In the lower part of the figure, the

locations of two complex natural frequencies are marked for “symmetrical” and 23 mm
“antisymmetrical” oscillations. 40 o 1omm T
r 1 mm
10 mm
JSiil 30F 1 T1mm
0.8 ¢ A=02mm L,db P —
_\\ . 20L 13 mm
N\ yd |
041 1 reconstruction 10} experiment
exact solution theory
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K eigen . L L . )
104 11.05 11.7 1235 13.0/GHz Fig. 5. The measured and simulated frequency responses for the two-slot

copper iris of 0.48-mm thickness placed in the WR-90. The slots’ dimensions
Fig. 2. Frequency response of the two-slot iris for a small difference betweare 13.0x 1 mm® and 16.0x 1 mn¥.
the widths of the upper and lower slots.

between points of matching, and it also has a full reflection point cor-

ISul responding tdS11| = 1. The behavior of the amplitudes of the fields
0.8 that are excited in the iris slots is very interesting. The phases of the slot
fields at the first complete transmission poirf)((see Fig. 3) are equal
. to 180 and 0, and so the fields are antiphased, but at the second total
041 e;e:;n;zzzzzn transmission frequency), these phases are equal foahd—1° and
the fields are almostin phase. At the total reflection paB, ¢he fields
0.0 . , , K in the slots are antiphased beiag0° shifted in relation to the field
Tl 47407 G 09 10 l.lx'eige,, of incident mode. The dynamics of the resonance appearance and the
K vigen Kjg,,_"f K pigen character of the field behavior in the slots suggest the excitation of two
) , . , . natural oscillations in a two-aperture iris as an open electromagnetic
104 11.05 11.7 1235 £ GHz structure. One of these oscillations has a higifactorA /e < 1 and

the antiphase field distribution in the slots, and the other has aJow-
Fig. 3. Frequency response of the two-slot iris for a large difference betwegfttor and the in-phase fields in the slots. Bg dactor of eigenoscilla-
the widths of the upper and lower slots. tion of an open structure, we meant here the relation between radiation

loss and stored energy, sucldaactor may be numerically estimated
same waveguide and is typical for conventional irises used as seps-the ration between real and imaginary parts of complex eigenfre-
rate bandpass sections. The characteristic lidlhesonance—antires- quency.
onance” pair appears immediately as soon as two resonant aperturds order to justify such an interpretation, the solutions of a
become different (Fig. 2). This resonance pair takes place much lowerresponding homogeneous equation in the complex frequency
in frequency than the conventional la@resonance of total transmis-domain were numericglly foung. For” the complex frequency
sion and the rejection resonance turns out to be located between twQen = Q'WQQGH = Keigen T iheigen (Feigen < 0, time depen-
points of complete matching. By increasing the difference in the widtldencee "), two branches of natural oscillations were found that
of apertures, a newly appeared resonance can be made less shargoimesponded to two transmission resonances of a two-aperture iris.
A = 3 mm (Fig. 3), the frequency response looks as an “overlappin@hese branches are presented in Fig. 4, where the difference of the
of characteristics of two single-aperture irises. However, there is an ekt widthsA is used as a parameter in the curves. We denote these
sential distinctive property of two-slot iris responses. In contrast to tnatural frequencies as;,., and H:igen in accordance with the
case of a pair of sequentially placed irises, here we always have a teigkenoscillation character in the limit — 0 on the left-hand-side
reflection point between two full matching points. For two very difand right-hand-side branches, respectively. The “antisymmetrical”
ferent apertures{ > 5 mm), a wide strong-reflection zone appearsatural oscillation does not have any coupling with e, , modes
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of the output-waveguides that take away the power and, therefanarned out-32 dB. As a comparison, the simulated response is shown
it is quite natural that on the left-hand-side bram‘ef;gen = 0if inFig.5.
A = 0. In this limit, the symmetrical oscillation has a finite and at

the same time fairly lowg factor. It is the excitation of a similar Il. CONCLUSION
natural oscillation the explains the known resonance in a conventional ) )
resonance iris-bandpass section. Thus, shown above, two slots of different widths are enough to pro-

For each iris whose responses are shown Figs. 1-3, the values oMi§ the existence of the total rejection resonance in the frequency re-
corresponding natural frequencies are presented in the lower parfBpnse of the nsin rec_tangular waveguide. The very existence 9f such
the figures by diamond marks. As usual, the positions of the resonafggonances might be interpreted as a response to the excitation of a
points are close to the real parts of the complex frequencies only R&" of natural oscillations in the open-waveguide-type structure. Con-
the high€) modes with|;<”- | < Foieen, Which is visible in Fig. 2 cerning the nature of their appearance, these resonances are close to

elgen elgen te @ ” H
Along with that, the peculiarities of characteristics in all the cases forfiose on the *locked” modes that are explained (see, e.g., [7]) by the
Figs. 1-3 can be perfectly explained by the excitation of two natur@xcitation of high&) natural oscillations formed by the “locked mode
oscillations in the iris. To this end, it will suffice to compare the pairs df" the background of lowg resonances that are connected with the
solid and dashed curves in these figures. They correspond, respecti\FB?W'na”.t mode. Numerical investigation of .the possibilities to control
to the full-wave numerical solution of the diffraction problem and to thi1€ location and th factor of the total reflection resonance has shown
solution constructed after an approximate formula that, based on these effect, we can design bandstop filters with 2%-10%
bands and satisfactory insertion losses in the passband.

g () = 1 <(T — )T+ T (- )T+ T2)

()
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