
334 IEEE MICROWAVE AND GUIDED WAVE LETTERS, VOL. 1, NO. 11, NOVEMBER 1991

A 2.3-ps Time-Domain Reflectometer for
Millimeter-Wave Network Analysis

Ruai Y. Yu, Masayuki Kamegawa, Michael Case, Mark Rodwell, and Jeff Franklin

Abstract—A GaAs monolithic time-domain reflectometer
(TDR) for millimeter-wave network analysis has been fabri-
cated. The TDR has two ontputs from which the incident and
reverse waves can be determined. The two channels show 2.3 ps
falltime, hence 150 GHz-3 dB TDR bandwidth. The reflection
coefficient in the time domain obtained after a partial calibra-
tion clearly indicates a prominent reflection when the TDR is
under open-circuit load. With the use of network analysis cali-
bration routines, corrected millimeter-wave vector measure-
ments will be feasible with these devices.

WITH recent work in III-V materials, 350 GHz transis-
tors [1] and 100 GHz MIMIC’s [2] have been at-

tained. The device technology has progressed more rapidly
than the instromentation required for device characterization,
impairing both the understanding of these devices and the

development of circuits incorporating them. Nonlinear trans-
mission lines [3] (NLTL’s) and NLTL-gated sampling cir-
cuits [4], [5] allow generation and detection of transient
signals with -300 GHz bandwidths. A NLTL-gated direc-
tional sampler for network analysis with greater than 10 dB

directivity has been demonstrated [5] from 40 to 60 GHz
using a microwave frequency sweep source as the stimulus
signal, Here we report implementation of an -150 GHz
NLTL-based monolithic time-domain reflectometer (TDR)
for millimeter-wave network analysis in which a second
NLTL provides a step-function stimulus signal to the device
under test. Instead of performing network analysis directly in
frequency domain [5], the TDR can be used for the same
purpose by Fourier transforming the measured incident and
reflected time domain waveforms. Since the stimulus step
function in this case contains Fourier components up to
-200 GHz, network analysis at these frequencies is feasible

without requiring a swept-frequency millimeterwave source.
The TDR (Fig. 1) consists of a NLTL stimulus signal

generator and two modified two-diode bridge sampling cir-
cuits [4], [6] placed at the two ports of a 6-dB 50 Ll
attenuator (Rl –R4). The layout is shown in Fig. 2. A 30 ps
strobe step-function is input to a NLTL, which generates a
sawtooth waveform with -2 ps falltime. Symmetric positive
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Fig. 1. TDR circuit schematic,
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Fig. 2. TDR circuit layout.

and negative impulses are then generated by a balun/differ-
entiator implemented using the coplanar strip (CPS) mode of
the input signal coplanar waveguide (CPW). Coupled through
R5 and C5, the strobe step-function is applied between the
CPW ground planes, and propagates on them in both direc-

tions as a CPS mode. 120 pm from the sampling diodes, a
short circuit on each side of the CPW ground planes reflects
the CPS mode, generating -3 ps impulses at the sampling
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diodes. A stimulus signal is generated by another NLTL and

attenuated to 250 mV by a 25-dB 50 Q attenuator, thereby

providing a small enough signal for linear characterization of
transistor circuits; other TDR’s were fabricated with 25 mV
stimulus signal amplitude, and with on wafer bias tees.

During the sampling aperture time, the complementary
strobe impulses drive the sampling diodes (D 1– D4) into

forward conduction, and the input (RF) signal then partially
charges the coupling capacitors (Cl -C4). The resulting volt-
age change is coupled to the sampled output ( VI, Vz) through
isolation resistors (not labeled). The RF input signal repeti-
tion frequency is offset by A f from a multiple nfo of the
strobe frequency f., and the sampled signal (IF) is then
mapped out in equivalent time at a repetition frequency of
Af. Ideally, the forward (V+) and reverse (V-) waves can
be extracted from the IF signs@ from the input (IF1) and

output (IF2) of the 6-dB attenuator according to the relation-

ships: VI = 2 V++ V- /2, Vz = V++ V-, hence, V+=

(1/3)(2V1 - P’z), V-= (2/3)(2Vz – VI).
The TDR is implemented in a six-mask process. Starting

with a semi-insulating GaAs substrate, a heavily doped (6 x
1018/cm3, 1 pm thickness) N+ layer is grown by molecular
beam epitaxy. This serves as the diode cathode connection. A
surface N – active layer (425 nm thickness), with an expo-
nentially-graded hyperabrupt doping profile (2 x 1017/cm3
surface doping, 225 nm grading constant), is then grown.

Ohmic contacts to the N+ layer are formed by a 0.5 pm
recess etch through the N – layer, a self-aligned AuGe-

Ni-Au liftoff, and a subsequent rapid thermal anneal. Mea-

sured contact resistance and N+ layer sheet resistance are

30 !il-pm and 9 !2 per square. Proton implantation converts
the N+ and N – layers to semi-insulation material, deter-
mining diode junction areas and defining resistors in the N+
layer. A dual-energy implant, at 180 keV (1.7 x 1015/cm2)
and 110 keV (4 x 1014/cm2 ), is used to penetrate the com-

bined N+ and N – layers. During implantation, the diode
regions and resistors are protected by a 1.6 pm Au on

polyimide mask. Interconnections are formed with a 800 ~
Ti- 800 ~ Pt- 11000 R Au liftoff, Schottky contacts result

where the metal intersects unimplanted material.
The coupling capacitors (C 1-C4) are implemented using

850 ~ Si3N4 films. The small compensation capacitor (C5)
was implemented using reverse-biased diode. Adaptation of
electroplated air bridges (AB) for cross-over of signal lines
greatly simplifies the circuit layout and minimizes circuit

parasitic. AB 1 and AB2 provide the short circuits for the
balun/differentiator, while AB3 and AB4 provide continuity
for the stimulus signal CPW ground planes.

The TDR risetime is determined by the signal line RC time

constant and by the sampling diode aperture time. The four
sampling diode parasitic load the RF line with 16 fF capaci-
tance at both the attenuator input and output, limiting the
bandwith. Aperture time is determined by the strobe pulse
duration and by the sampling diode reverse bias relative to
the strobe pulse peak voltage [3].

As described in [4], compensation capacitor C5 permits
high differentiator efficiency, while maintaining a low reflec-
tion termination to the NLTL. Depending upon diode reverse
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Fig. 3. (a) Observed TDR waveforms: incident wave, and (incident +
reflected) waves with the TDR open-circuited or connected to a terminated
40 GHz microwave wafer probe. (b) Reflection coefficient dkplayed in time
with the TDR open-circuited.

bias, -1 ps aperture time and – 2 ps RF line risetime are
expected. The predicted TDR falltime is then TTDR=
~= 2.2 PS, corresponding to a 160 GHz 3-dB
bandwidth. The linear input range is predicted to be *1 V
by SPICE simulation.

In measuring the TDR performance, synchronized mi-

crowave synthesizers drove the strobe NLTL at 14 GHz, 27
dBm and the stimulus signal NLTL at 14 GHz + 140 Hz, 25
dBm, resulting in a 140 Hz IF output. Resulting TDR
waveforms both under an open circuit and a 40 GHz 50 $2
CPW probe as a load are shown in Fig. 3(a). The distinct two
step response under open circuit clearly indicates the reflec- I

tion from the open circuit, and the 7.6 ps delay of the
reflected step corresponds to the expected round-trip time
between the directional sampler and the TDR test port. The

falltime of the steps was measured to be 2.3 ps, correspond-
ing to a 150 GHz TDR bandwidth.

For calibrated reflection measurements, three calibration
standards must be used, but these were not available for
millimeter-wave frequencies. To demonstrate the TDR, a
partially-calibrated measurement was performed on an open-
circuit termination. The sampling diode and layout parasitic
load the network R1 -R4, and its attenuation lY(cO)/2 then
varies with frequency. Hence, V2(ti) = V+(a) + V-(o)
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and Vl(ti) = 2 V+(ti)/kf(u] + kf(@)V” (0)/2. By measur-

ing VI,50Q(Q) and VZ,50Q(u) with the test port loaded by a 40
GHz coplanar microwave probe and coaxial termination,
If(u) = 2 Vz,50Q(u)/ VI,50Q(U) is determined. The reflection
coefficient of an arbitrary load is then found from

2P-2(U) – H((.J)V, ((J))
r(w) =

H(cd)(v,(ti) - Iiq@)v2(cIJ)/2) “

After calibration, Vi(u) and lj(u) were measured with an

open-circuit termination. The resulting 1?(u) was numerically

low-pass-filtered by a 190 GHz 3-dB bandwidth Gaussian

filter (2.2 ps FWHM impulse response) to bandlimit high-

frequency noise, and inverse Fourier transformed to obtain
I’(t). The resulting r(t) for an open-circuit at the TDR test
port is shown in Fig. 3(b), with a major reflection of 0.38 “
(1/Ps) peak amplitude, and 2.6 ps FWHM duration observed
at the expected 7.6 ps round-trip delay. The product of
magnitude and reflection duration yields a dc reflection co-
efficient of ( 1.06) (0.38 /zm)(2.6 ps) = 1.05, with the factor
of 1.06 arising from an assumed Gaussian pulse shape.

The rudimentary calibration procedure above does not

correct for the TDR source reflection coefficient and uses a

40 GHz microwave wafer probe and termination as a calibra-

tion standard over a 14 GHz – 190 GHz bandwidth. These
errors introduce the additional structure seen in r(f) (Fig.
3(b)). In particular, we ascribe the second peak in r(t) at
15.2 ps (2 x 7.6 ps) to the uncorrected TDR source reflec-
tion coefficient.

In conclusion, we have successfully fabricated a NLTL-

based TDR with -150 GHz 3-dB bandwidth. Directionality

of the TDR is demonstrated by the clear indication of open
circuit reflections. Incorporating these devices, and with the
use of Fourier transform and network analysis calibration
routines, active coplanar probes [7] for millimeter-wave on-
wafer network analysis can be developed due to the wide
spectral content available from the stimulus signal and the
wide bandwidth of the directional sampling circuit.
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