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Abstract—This paper presents a vector network analyzer _
system for the 70-230-GHz bandwidth. The instrument employs “{Mulﬂpher

active probes for millimeter-wave signal generation and detection, e S

and for signal delivery to the device-under-test. Milimeter-wave amprer’ h“mp <"
ignals are generated and detected within the active probes harmonic armonic

signa g p Chip mii(er mli(er

using an integrated circuit (IC) based on nonlinear transmission | =
lines. The IC contains all elements of anS-parameter test set: RE source—o~ - HP

L . . 2 S LO sourc b IF DUT
a multiplier to generate the radio-frequency signal, directional | —{8510 Ej

couplers to separate the incident and reflected waves, and a 1

1
pair of high-speed sampling circuits to convert the signals down chip Sampler/ :ﬂmple.r/
to lower frequencies. Two-port measurements over the 70-230- hi;ri’;o;w P
GHz bandwidth are demonstrated, including those of directional [
couplers and millimeter-wave high electron-mobility transistors. —-‘Multip]ier 2 L

Index Terms— Active probes, network analyzer, nonlinear _ cal
transmission line, sampling circuit, S-parameter measurement 9 1. Typical S-parameter measurement setup.
system.

millimeter-wave IC’s. Within these IC's, GaAs nonlinear
transmission lines are used for stimulus signal frequency
ECENT advancement of 1lI-V devices, especially withnyltiplication, monolithic directional couplers are used for
InP-based devices has led to transistors with very higfirdependent measurement of incident and reflected waves, and
power gain cutofff,;.x. Both high electron-mobility transistors nonlinear transmission line (NLTL)-gated sampling circuits
(HEMT's) [1] and heterojunction bipolar transistors (HBT'S)serve as harmonic mixers for frequency down-conversion of
[2] have attainedfmax greater than 500 GHz. Using such highthe measured incident and reflected waves. The active probes
speed transistors, integrated circuits (IC's) operating aboiyferface to the IF signal of an HP8510 network analyzer, and
120 GHz have been demonstrated [3], [4]. Commercial broagkrve to extend its frequency range. The use of the HP8510
band on-wafetS-parameter measurement setups are currenfljows relatively easy and fast-parameter measurements.
limited to a 120-GHz bandwidth. DeSign of monolithic mi- An active probe_based network ana|yzer (NWA) using GaAs
crowave integrated circuits (MIMIC's) for 120-GHz operationNLTL IC’s had earlier been reported by “at al. [5]. Among
thus requires transistor characterization and model extractigiprovements over that work, the present IC uses true direc-
over the dc—120-GHz bandwidth, followed by use of thi§onal couplers for high directivity and low-order harmonic
(extrapolated) model over an extended frequency range. Pgéneration in the stimulus signal generation. In addition the
tiCUlarly for more Complex CirCUitS, such eXtrapOlated mOde&tected (|F) Signa|s are processed in the frequency do-
do not have sufficient accuracy. IC design in the 140-220-Glzain, without using time-domain/Fourier transform methods.
band demands a measurement system for device characterizfigh-pass filter at the output of the source frequency mul-
tion above 120 GHz. tiplier equalizes its output power spectrum, further increasing
In this paper, we report a network analysis system f@fe signal-to-noise ratio at high frequencies. By packaging the
on-waver S-parameter measurements over the 70-230-GHRips into active probes and incorporating buffer amplifiers
bandwidth. The instrument consists of active probes, contaipse to the chip, the IF can be increased to 20 MHz, which
ing millimeter-waveS-parameter test sets in the form of GaAgjecreases the phase noise and allows the HP8510 to be used
directly for IF signal processing. Together, these improvements

substantially increase the system signal-to-noise ratio and
Manuscript received March 26, 1999; revised July 9, 1999. This work W%ﬁrectivity.
supported by the German Ministry of Education and Research.
O. Wohlgemuth, R. Reuter, J. Braunstein, and M. Schlechtweg are with

the Fraunhofer Institute for Applied Solid State Physics, D-79108 Freiburg, _
Germany. [Il. MONOLITHIC S-PARAMETER TEST SET

M. J. W. Rodwell is with the Department of Electrical and Computer Flg 1 ShOWS a typlcals’_parameter measurement System

I. INTRODUCTION

Engineering, University of California at Santa Barbara, Santa Barbara, C, . L
gg(foﬁ USAg. Y Ah RF source drives a frequency multiplier that generates the
Publisher Item Identifier S 0018-9480(99)08460-4. high-frequency signal. Two directional couplers are used to

0018-9480/99$10.001 1999 IEEE



2592 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 47, NO. 12, DECEMBER 1999

Chip
Bias Low pass 5 Coupler ‘ Coupler Coupler | | DUT
— ] —_
filter ‘ e 2 S
Stimulus signal
33-50 GHz,
12 dBm NLTL RF Sampler
Strobe signal 1 Semi-insulating GaAs Il Ohmic metal
16.5-25 GHz -Af; N*layer (M 1solation implant
20 dBm NLTL 1 N layer [:::] Schottky metal
Fig. 3. Cross section of a Schottky varactor diode.
l IF
(to HP8510) m

. NONLINEAR TRANSMISSION LINE

Fig. 2. Block diagram of thes-parameter test-set IC. An NLTL [9], [10] is a transmission line with relatively high
impedance, periodically loaded with reverse-biased Schottky

separate the incident and reflected signals. Harmonic mixgﬁﬁractor diodes. This ;‘orms a sylnthetlcd transorlmssmn I'Tf’
or samplers are used to convert the signals to a lower (ff0S€ Propagation velocity is voltage dependent, so that
termediate) frequency. These mixers are driven from the L@§T€rent portions of awave propagate with different velocities.
source. The amplitudes and phase of the IF signals are thel & negative-going wave transition, the initial parts of the

measured and evaluated by the HP8510. At higherfrequenc%@'ﬂsmon' near 0 V, propagate more slowly than the final

reflections at discontinuities become severe and the lossP@ft Of the transition. Propagating along the line, the fall time
cables or waveguides becomes greater, resulting in a poorerficomes sho.rter.. As the fall time decreases, dispersion arising
rectivity at higher frequencies. The objective of this study wd@'™m the periodic-line cutoff frequency (Bragg frequency)
to integrate all high-frequency components of fiparameter and the v_aractqr_dmde cutoff frequency competes with tl_qe
test set on a single IC [6] so that cables, waveguides, apgfnpression arising from the. voltgge-dependent propagation
connections are not present in the 70-230-GHz signal paYff ocity. The final limited fall time is reached when the com-
For the 70-230-GHz signal, only the connection to the devicB€SSIon per section is balanced with the fall time broadening
under-test (DUT) is necessary, which can be very short B’ Section arising from the Bragg frequency and the cutoff
packaging the chips into active probes [7], [8]. Use of nLTL drequency of the diodes. With a sinusoidal input signal, the

within the monolithic S-parameter test set allows frequenc;'/\lLTL forms a shock-wave from the negative-going half-cycles

multiplication in a very wide bandwidth [9]. In addition of the sinusoid, producing a saw-tooth output waveform with
NLTL's can drive the LO ports of millimeter-wave diodeSignificant power level at high-order harmonics of the signal

sampling circuits to convert the RF signals down to the IFEAUeNcy.
bandwidth used by the HP8510.

Fig. 2 shows a block diagram of the monolittfieparameter
test set. The stimulus source drives an NLTL, which is usedThe NWA circuit is implemented in a seven-mask process.
as a frequency multiplier. The NLTL drives the test por®n a semiinsulating GaAs wafer, a highly doped Myer
through a directional coupler. The coupler functions as a bis - 10'® cm~2) is grown by molecular beam epitaxy. For
tee, isolating the NLTL frequency multiplier from the dc biashe active layer of the Schottky diodes, am Nayer, with
applied to the test port. Further, the coupling increases wiim exponential doping profile, is then grown [10], [11]. The
frequency, thereby reducing the variation of the DUT drivexponential doping profile combines a large capacitance vari-
power with frequency. Two additional couplers are integratedion and a high breakdown voltage (13 V) with a high diode
to separate the incident and reflected waves and two hidarge-signal cutoff frequency (2.5 THz). Fig. 3 shows a diode
speed sampling circuits are used to convert the signals dowrttoss section. Ohmic contacts to the” Nayer are formed
20-MHz intermediate frequency. The LO ports of the samplirtgy a recess etch through the Nayer, followed by a self-
circuits are driven by a second NLTL pulse generator. Taligned AuGe-Ni—Au liftoff and a subsequent rapid thermal
reduce reflections from the dc bias connection to the actimanealing. This produces contacts, with a resistance di 25
probe, a low-pass filter is also integrated on the IC. Originally,um. The N layer sheet resistance is 7¢ per square.
the multiplier NLTL was designed for a drive frequency fronThe diode junction areas and resistors are defined by proton
33 to 50 GHz, and the strobe NLTL for a drive frequency fronmplantation, which converts the implanted semiconductor into
16.5 to 25 GHz, thus, the third and fourth harmonic of the Rén insulator. For the Schottky contacts, Ti/Pt/Au is deposited
and the sixth and eighth harmonic of the LO cover a 100—208nd where this overlays unimplanted areas, a Schottky contact
GHz bandwidth. However, with increasing the drive powers & formed. Very small diodes, with Am feature size, are
lower frequencies, NLTL pulse compression is increased, arefjuired in the sampling circuits. With such small feature sizes,
generation of higher order harmonics enhanced. The instthe deposited Schottky contact metal must be relatively thin.
ment bandwidth could thus be increased. Using the fifth haFhus, the interconnect metal of Lu4n thickness for reduced
monic of the RF signal and the eighth harmonic of the LO signicrowave loss is deposited in the next process step. To
nal, the instrument operates over the 70-230-GHz bandwidginovide capacitors, a 2508 SisN, film is then deposited by

IV. TECHNOLOGY
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PECVD. Air bridges, for signal line crossovers and capacitor 0.0 . T . T T
top plates, are then formed by electroplating, completing the
process.

-0.4

V. DESIGN AND RESULTS _0,6'

A. Source Frequency Multiplier 0.8

The DUT stimulus signal source is generated by an NLTL -1.0
operating as a millimeter-wave frequency multiplier. Unlike

Voltage [V]

[5], low-order frequency multiplication is employed, increas- 12

ing the multiplier conversion efficiency. This requires a high 14 - L . -

NLTL drive frequency, 50 GHz for a 200-GHz output if -10 S 0 5 10
4:1 frequency multiplication is used. Unless specific design Time [ps]

measures are taken, high drive frequencies result in increaggds. output voltage waveform of the multiplier NLTL with a fall time

skin-effect losses on the NLTL, seriously degrading NLTlof ~3.2 ps.

frequency multiplier performance. On the NLTL, the strongest

diode capacitance variation is for signals near 0 V. Propagating 75 — r 80

along the line, the signal amplitude is attenuated, and the _

peak positive signal excursion may not approach 0 V near®’

the NLTL output. The diodes near the NLTL output are driven S

only through a small capacitance variation, resulting in reduce(ﬁ

compression and reduced harmonic generation. With reduce‘(e)]

compression, the NLTL length must be increased, furthers

compounding skin-effect losses. 26 150
Therefore, skin-effect losses must be minimized by speciab

design strategies. The NLTL is divided into two parts: a first_g 550, od {40

section using normal coplanar waveguide (CPW) and a second | 77777 TTTTTTTT s n e

section using elevated coplanar waveguide. In the first sectiony 50 L . L 3

the Bragg frequency is tapered with propagation distance. 0 20 40 60 80 100 120

Near the input of the first section, the Bragg frequency is Frequency [GHz]

IQW’ re;ultlng in long diode—diode separations. The Iater |I . 5. The effective dielectric constants and the impedances of the even

dimensions of the CPW can, thus, also be large, resultlgﬁj odd modes of the coplanar directional coupler.

in large conductor widths and low skin-effect losses. As

the signal propagates along the line, the signal bandwidth )
increases, and the Bragg frequency must be proportionaﬂwdes near the NLTL output are driven through a large voltage

increased to permit propagation of the generated harmonie¥ing, Maintaining strong compression (and strong harmonic

At all points along the line, the Bragg frequency is set ngeneration) for the output sections of the NLTL: Fig. 4 shows

higher than required for the local signal bandwidth, locall{f® measured output waveform of this NLTL with a fall time

maximizing the conductor width and minimizing the conductd?f 3-2 ps. The observed 3.2 ps includes the effects of the

losses. sampling circuit bandwidth, hence, the true NLTL transition
Thus, CPW lateral dimensions progressively decrease aldige IS somewhat smaller.

the NLTL length. Once the lateral (ground—ground) CPW

dimensions have been reduced=t60 :m, CPW skin-effect B. Directional Coupler

losses can be substantially reduced by using air-bridge prorq gesign the coplanar directional couplers, the impedances

cesses to elevate the CPW signal conductor 2rBabove , and Z..q and the complex propagation constants.

the substrate. The second NLTL section uses such elevaigdl.  ere first calculated using a three-dimensional (3-D)
CPW [12]. With the center conductor in the air, the effectivgjyyiatort Fig. 5 shows the impedances and (from.,, and
dielectric constant is reduced, and a wider conductor must e <

. : ; wdad) the calculated effective dielectric constants of the even
used for a given CPW impedance. The wider CPW center callq odd modes for a 10-dB coupler. The data of Fig. 5

_ductor results in reduced skin-effect losses. This is of particulelresent clear advantages of coplanar directional couplers over
importance near the output end of the NLTL, where the Braggicrosirip couplers: the effective dielectric constants of the
frequency is high and the overall conductor dimensions small;an, and odd modes are nearly equal and the mode impedances

~ Additionally, skin-effect losses are compensated by changee 51most independent of frequency. This is important for high
ing the loaded large-signal impedance from 40 to G0 directivity broad-band line couplers [13], [14].
by the second part of the NLTL [8]. The increased loaded

Chara(_:teriStiC impedance increas?s the Signal voltage SWir"gHP 85180A, High-Frequency Strucutre Simulator (HFSS), Hewlett-
offsetting the effects of attenuation. This ensures that tkackard Company, Santa Rosa, CA.

' 4
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160

Impedance Z[Q]
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Fig. 6. Simulated and measured coupling and directivity of the coupldfig. 8. Attenuation and reflection of the low-pass dc-bias isolation filter.
designed for 90-GHz center frequency.

bias connection, must pass twice through the filter to return

> to the DUT. Using a external 50Q- bias tee and short bond
active probe - wires, the reflection at the dc-bias connection to the IC will
""" HP8510XF 1 be small over a dc—50-GHz bandwidth. The filter can thus be

10k i
I M designed to pass signals beley60 GHz, and to have-7-dB
A5 .. :

coupling 1 attenuation above 70 GHz. This will ensur&4-dB return loss

m

kel

g 20k at the DUT port over the 70-230-GHz instrument bandwidth.

£ ol The filter is implemented as a high-impedance CPW loaded

s . isolation by SN, capacitors to form a synthetic 3@{ransmission line.

¢ 30} ; To provide the required range of dc-bias currents, the CPW
35 [ v center conductor must be relatively wide. Consequently, CPW

skin-effect losses are too low to provide effective isolation.
Instead, small resistancel® placed in series with each of
the N loading capacitors” introduce frequency-dependent
attenuationy ~ Nw?C?RZ, /2. These resistors have no effect
Fig. 7. S-parameter measurement of a coplanar directional 10-dB couplg/ the dc bias applied to the line. As a synthetic transmission
designed for 180-GHz center frequency. line, the bias filter design is similar to the design of an NLTL.
The filter Bragg frequency must be higher than 230 GHz
To verify the simulation, one coupler was scaled in lengtio avoid reflection due to the filter high-frequency cutoff.
for a center frequency of 90 GHz, fabricated, and measurEtevated CPW is used because this combines a high Bragg
in W-band. Fig. 6 shows the directivity and coupling, comfrequency with a wide center conductor, which can carry a
paring simulation to measurement. The couplers used in thigh dc current. Without capacitive loading, the elevated CPW
S-parameter test-set IC were scaled in length to obtainhas 75€ impedance, and is reduced to 80by the loading
180-GHz center frequency. Such couplers were also fabricatagpacitors. The resistive loading is nonuniform. Near the DUT,
as isolated test structures, and tested with the active prdhe resistive loading is small, as the loading perturbs the loaded

f .
PR W 2 T | 1 I 1 ) A IR | 1

40 . .
0O 20 40 60 80 100 120 140 160 180 200 220
Frequency [GHz]

system itself (Fig. 7). characteristic impedance and, hence, the output return loss.
Nearer the bias port connection, the loading is higher, to
C. Low-Pass Filter ensure a high net attenuation. Fig. 8 shows $hparameter

To test active devices, the active probes must provide Jgeasurement Of. thg Iqw—pass filer with the bias line. '!'he
bias connections for the DUT. If there are high reflectiony 1€-Pass transm|SS|qn is about 7 dB, at 70 GHz, thus, a signal
flected from the bias connection is at least attenuated by

(arising from bond wires and from microwave connector dB. Th tout reflecti Hicient of the | it
at the dc-bias connection to the test-set IC, the reflect_é - I'he output refiection coetticient of the low-pass hiter

wave may interfere with the stimulus signal, resulting it better than 13 dB.

poor instrument directivity. Over the 70-230-GHz instrument ) o

bandwidth, the DUT dc-bias connections to theparameter D- Sampling Circuits

test-set IC are isolated from the DUT test port by a low- The sampling circuits consists of a balun/differentiator and

pass filter. The low-pass filter must itself have a low outpat diode/resistor bridge, and the schematics are shown in

reflection coefficient. Fig. 9 [15]-[17]. A picosecond-fall-time step function, pro-
The bias port low-pass filter is implemented as a lossluced from the NLTL, is coupled through the matching

synthetic 5082 transmission line. The one-pass attenuation oftwork into the coplanar strip (CPS) mode of the lines, which

the filter can be moderate because waves, reflected from taery the signals to be measured in the CPW mode. The air



WOHLGEMUTH et al. ACTIVE PROBES FOR NETWORK ANALYZERS WITHIN 70-230 GHz 2595

30

NLTL

N
v
T

IF

N
o

-

N

W
/W////W

ShN

Directivity [dB]
o

—
o
T T

R
Zéfé%///////}///i%/%%}”ﬂ//é
by

|

-

|
-

it
5t _
Zy R | ]
IF

-

I 50 100 150 200 250

Fig. 9. Sketch of physical layout of the sampling circuits. Frequency [GHz]
0 . . . . . . . Fig. 11. Measured directivity of the fulf-parameter test-set IC.
1ok simulated |
—
/
LR =5 ﬁ_,__—\/

E-ZO— - ~~_3\.H\ |
g N H\
5;3 a0k measured 5H |
g -
o

40k RPN e

-50 " 1 N ] " 1 n 1 "

0 50 100 150 200 250

Frequency [GHz]

Fig. 10. Simulated and measured power at the DUT. The measurementfs
not corrected for the sampling circuit attenuation.

Fig. 12. The active probes mounted on a wafer probe station. The commer-

bridge at the distancé,,.,; short circuits the CPS mode and®® Probe in the background provides a scale comparison.

reflects the step function. At the sampling diodes balancgthasyrement and simulation include the skin-effect losses of
impulses of the duratior2d.yei/veps are thus generated.ihe couplers (which could not be simulated) and additional
These complementary impulses drive the sampling diodes ii\y skin-effect losses arising from the high-resistivity Ti/Pt

forward conduction and the sampling capacitors are pariyhesion layer under the CPW transmission lines. At 200 GHz,
charged in proportion to the signal voltage of the CPW modg,e stimulus signal power is more thar85 dBm, which is

If the RF frequency isfrr + Af and the LO frequency is gyfficient for a high signal-to-noise ratio at the IF ports. The
frr/n, the IF frequency, developed at the hold capacitors, dégmulus power of-14 dBm at lower frequencies can be too
Af (wheren is harmonic order used in the sampling circuit)yigh for testing high-gain amplifiers under small-signal linear
The sampled IF voltages, isolated through the resisirs congitions, thus, a second IC was fabricated with an additional
from the sampling bridge, are applied to high-impedance inpgpier in the stimulus signal path to attenuate the drive power
buffer amplifiers. at lower frequencies. The power at the DUT for this circuit is
below —25 dBm for all frequencies.
E. Results of the Full Chip To measure the directivity of the full IC, the incident and

Prior to active probe assembly, two measurements Wéfglected waves.of an NWA circuit with the open test port.
performed to characterize the test-set IC: the power at tRE compared with the measurement of a second NWA circuit
test port and the directivity of the full chip. To measure th@’_Ith a nomlnal S0¢ (44i1'5_ £2) chip reS|_st0r (Fig. 11). The
power at the test port, one NWA circuit is connected to afi’€Ctivity is >10 dB, dropping to~7 dB in a band between
on-wafer sampling circuit. Fig. 10 shows the measured ted0-190 GHz.
port power, with the multiplier NLTL driven by 12-dBm input
power. The output power varies froml4 to —35 dBm over
the 50-200-GHz bandwidth, 5-15 dB lower than simulated. The NWA chips are packaged into active probes, thus, only
The discrepancy lies in the frequency-dependent attenuatershort transmission-line connection to the DUT is needed.
of the sampling circuits, which is approximately 1 dB aFig. 12 shows the active probes mounted on a wafer probe
lower frequencies and increases up to an estimated 10 sition in comparison to a commercial probe, and Fig. 13
at 200 GHz. Additional causes of the discrepancy betweshows the bottom view of a probe. The chip is mounted next

VI. THE ACTIVE PROBE
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Fig. 14. Measured directivity of the active probe. Fig. 16. Measured>1; of a 900um-long line.

to the probe tip. The connection to the DUT is provided
by a flexible micro-coax cable. These coaxial probe tips
were obtained from commercial (GGB Industries, Naples, FL)
microwave wafer probes. The connections between the chip
and the probe’sV- and K-connectors are also made with
micro-coaxial cable. This avoids crosstalk between the RF
signal and LO signal lines, which arose in earlier packaging
efforts, in which the signals were routed on transmission lines
on a quartz substrate.

The high-speed sampling circuits have a very high output
resistance. If the IF cables were directly connected to the
sampling circuits, the cable capacitance would limit the IF 70 Gy P
bandwidth. To avoid this, buffer amplifiers are incorporated sen sop ™
into the active probe, thus, the IF can be increased to 20 MHg. 17. Measuredsy; of a 900um-long line.

This has the advantage that the probes can be connected

directly to the HP8510. Further, the high 20-MHz IF great%ery difficulty to obtain good NWA accuracy after calibration.

reduces the effect of LO synthesizer close-in phase noi . .
which was the dominant error contribution in earlier active'g' 14 shows the result of this measurement. The raw direc-

probe-based systems, where a 10-kHz IF was used [5]. tivity is better than 5 dB, except gt a few isolated frequ.enm'e.s
and decreases as frequency is increased. The raw directivity

is observed to vary with frequency, with a periodicity of

A. Performance of the Active Probe approximately 14 GHz, which reflects the length of the flexible
An important figure of an NWA system is the raw directivimicro-coax probe tip. This is indicative of reflections at the
ity, where the measured reflection of a short is compared to t§&-tip interface. With an improved connection between the
reflection of a load. If the raw directivity is poor, it is generallychip and micro-coaxial cable, the directivity can be increased.
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center frequency. This coupler is used in the integrated NWA

30 ——— ,
L circuit. The couplers were characterized with the active probes
20k (full two-port measurements) and with a broad-band com-
’ mercial S-parameter setup (HP8510XF). In the overlapping
ol region, from 70 to 120 GHz, the measurements are in good
o agreement.
X Figs. 18 and 19 shows-parameter measurements of an
» O InAlAs/InGaAs HEMT with a pseudomorphic channel, fabri-
cated at our institute [19]. This device attains with a gate length
10} HP8510XF of 0.15 um, an fr of 160 GHz, and anf,,.. of 500 GHz.
active probe -40 Over the frequency range where both instruments provide data,
20 . . . , . o the active probe provides transistStparameter data in good
0 50 100 150 200 agreement with the HP8510XF system.
Frequency [GHZz]
Fig. 18. S and Sy, of a pseudomorphic InAlAs/InGaAs HEMT. VII. CONCLUSION
We have demonstrated NLTL-based active probes for on-
-15 T g T y T y T — 20 wafer network analysis. These serve asSaparameter test set
ol HPB510XF i for the HP8510. Accuraté&-parameter measurements within
active probe ] the 70-230-GHz range have been demonstrated and com-
) P AR I H 10 pared with measurements from the HP8510XF system up to
F S 120 GHz.
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