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Measurements on standing waves in GaAs coplanar waveguide at 
frequencies up to 20.1 GHz by eiectroaoptic probing 

z. H. Zhu,a) M. C. Wu, Y. H. Lo, C. L. Pan,b) S. Y. Wang,C) and S. Wang 
Department of Electrical Engineering and Computer Sciences, Electronics Research Laboratory, University 
of California, Berkeley, California 94720 

(Received 26 October 1987; accepted for publication 5 February 1988) 

We report the experimental results of the standing waves in GaAs coplanar waveguides at 
frequencies up to 20.10 GHz with different terminations (open, short, and 50 n) by a new 
electro-optic probing technique. The effective refractive indices from 4.11 to 20.10 GHz are 
presented and compared with theoretical values. Dispersion of coplanar waveguide in that 
frequency range is shown to be negligible. 

Coplanar waveguide (CPW) is an important compo
nent of monolithic millimeter-wave integrated circuits 
(MMIC) because it is planar, easy to connect shunt devices, 
and relatively insensitive to substrate thickness variation. 
The effective refractive index (or guided wavelength) and 
the waveguide impedance are the most important design pa
rameters. The standing-wave pattern not only can give the 
exact value of guided wavelength, but also provides useful 
information about the impedance mismatch between differ
ent waveguides, waveguide transitions, discontinuities, and 
bendings. However, their direct observation by conventional 
methods is very difficult in microwave or millimeter-wave 
ranges. The electro-optic sampling technique provides a 
very powerful tool to measure the transients of ultrafast elec
tronic and optoelectronic devices. 1.2 It has been employed to 
measure the standing waves] and electric field profiles4

•
5 in 

GaAs coplanar waveguides. Some measurement results of 
standing waves in microstrip lines have also been presented. () 
Here we extend our measurement of standing waves in GaAs 
coplanar waveguides to 20.10 GHz. Different terminations 
(open, short, and 50 n) to CPW are used for comparison. 
The experimental data of the effective refractive index are 
given and compared with theoretical values. 

The experimental setup, as shown in Fig. 1, is similar to 
that in Ref. 1. The cw mode locked Nd:Y AG laser (A = 1.06 
,urn) (YAG denotes yttrium aluminum garnet) produces a 
pulse train of repetition rate/o = 82 MHz. The sample under 
test is a GaAs CPW with various terminations. The standing 
wave is builtup by feeding the CPW with an rf signal of 
frequency fm through an SMA connector. The laser beam is 
focused on the center electrode of the CPW from the back
side, and the reflected signal, modulated by the standing
wave field, is detected. The high-order harmonics of the 82-
MHz optical signal is mixed with the rf signal. A low-speed 
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germanium photodiode and a spectrum analyzer are used to 
observe the mixed signal of intermediate frequency 1:. By 
scanning along the CPW, a standing-wave pattern is ob
tained. Since the strength of the harmonics around 1m is 
approximately proportional to sin (1Tjm r)/(1T/m r), a short 
optical pulse width r is very important for large SIN ratio 
and higher frequency measurement. Therefore, a pulse 
compressor is inserted between the laser source and the sam
ple to reduce the pulse width to 3 ps. The CPW under test 
consists of a center electrode 130 pm wide and two ground 
planes on either side. With the gap width of 65 ILm between 
the center electrode and ground planes, the waveguide has 
an impedance of about 50 !l. The thickness of the GaAs 
substrate is 500 pm. 

The measurements of standing waves were made at sev
eral rf frequencies. Figures 2(a)-2(c) show the standing
wave pattern of GaAs CPW with open termination at 12.31, 
16.41, and 20.10 GHz, respectively. To compare the reflec
tion coefficients of CPW with different loads, the standing
wave patterns of open, short, and 50-0 terminations at 16.41 
GHz arc shown in Figs. 3(a)-3(c), respectively. It should 
be noted that the physical position of the termination is not 
accessible to the probing beam; therefore, the absolute zeros 
of abscissa in both figures are not known. The standing-wave 
patterns shown in Fig. 3 are aligned with the position of 
minimum for comparison. The voltage standing-wave ratios 
p and the reflection coefficients r calculated from these 
curves, including those published previously, 3 are listed in 
Table I. 

From these data, first we can see that the values of the 
voltage standing-wave ratios p and the reflection coefficients 
r decrease with increasing frequency due to the higher losses 
and larger parasitic effects at higher frequencies. Second, the 
p and the r with short termination are larger than those with 
open termination at 16.41 and 20.10 GHz, while they are not 
much different at 4.11 GHz. This indicates that ideal open is 
more difficult to obtain than ideal short at high frequency 
due to radiation loss. The p and r of the 50-0 load are rea
sonably lower than those of open and short terminations. 

From these experimental data, we can also obtain the 
wavelength of standing wave It sw from 4.11 to 20.10 GHz. 
Therefore, the effective dielectric constant Ectf and refractive 
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index neff can be calculated from A sw' They are summarized 
in Table II. We can see from Table II that the variation ofne/f 
is about 1 %, which is within the error of measurement. The 
experimentally deduced value neff can be compared with the 
theoretical value n~ff from the empirical formula,7 

n;ff (j) = {Eeff (j) 

=.,fi;+ [(~ - ~)/(1 + a F - b)] , 

(c) ~ 
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FIG. 2. Standing-wave patterns in GaAs coplanar waveguide with open 
termination atfrequencies of (a) 12.31 GHz, (b) 16.41 GHz, and (c) 20.10 
GHz. 

420 J. Appl. Phys., Vol. 64, No.1, 1 July 1988 

GaAs 
CPW 

RF OSCILLATOR 

MONITOR 

FIG. 1. Schematic diagram of the ex
perimental setup: P: polarizer; A: ana
lyzer; BS: beam splitter; FL: focusing 
leDse; PD: photodetector. 

where cq is the effective dielectric constant at the quasistatic 
limit, Er is the dielectric constant of GaAs, F = f /IrE' and 
j~E = c/ ( 4h Fr--=T). a and b are constants depending on 
the configuration and dimensions of the sample. In our case, 
the values of these parameters are as follows: Er = 13, 
Eq = 6.840, lTE = 43.3 GHz, a = 24,81, b = 1.8, 
c = 3 X 1010 cm/s, and h = 500 ILm (substrate thickness). 
The experimental and theoretical values agree very well 

ta) _ 
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FIG. 3. Standing-wave patterns in GaAs coplanar waveguide with Cal 
open, (b) short, and (c) 50-n terminations at 16.41 GUz. 
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TABLE I. Voltage standing-wave ratio p and reflection coefficient r at fre
quencies up to 20.10 GHz. 

fm (GHZ) p r Termination 

12.4 0.85 open 
4.11 12.6 0.85 short 
8.21" 5.97 0.71 open 

12.31 7.94 0.78 open 
5.95 0.71 open 

16.41 9.41 0.81 short 
1.90 0.31 son 
2.12 0.36 open 

20.10 4.0 0.60 short 

• Data obtained from another sample with same geometry. 

TABLE n. Standing wavelength A sw, effective dielectric constant fetf' and 
index of refraction neff at frequencies from 4.11 to 20.10 GHz. 

fm (GHz) Asw (mm) Edf neff n;tr 

4.11 13.60 7.20 2.68 2.616 
8.21 6.90 7.01 2.65 2.617 

12.31 4.60 7.02 2.65 2.619 
16.41 3.45 7.02 2.65 2.622 
20.10 2.80 7.10 2.67 2.625 

from 4.11 to 20.10 GHz. From these data, we conclude that 
the dispersion of coplanar waveguide is negligible in this fre
quency range and that neff = 2.66 ± 0.01 is obtained for our 
sample. 

In summary, we have made the measurements of stand
ing waves in GaAs coplanar waveguide with different termi
nations (open, short, and 50 n) at frequencies from 4.11 to 
2 L 10 G Hz, and presented, for the first time, the complete 
experimental data of the effective dielectric constant in such 
frequency range. The dispersion of coplanar waveguide in 
this frequency range is shown to be negligible for our sample. 
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Ideal proximity exposure compensation is shown to occur when the dose correction factors are 
obtained by considering the electron energy dissipation distribution at the lowest plane in the 
resist. In such an ideal situation, the simulation of resist profiles in Hne patterns shows that the 
resist edge slope becomes nearly equal to what can be obtained with a single beam line. 

sional convolution integral given by 

No fOh (X'2) --;:;=- exp - -2 l(x - x')dx', 
(T-.J2tr - ", 2u 

(1) 

Proximity exposure in electron beam lithography causes 
large linewidth variation and unsharp resist edge slope. This 
is due to the fact that the electron energy dissipation (EED) 
distribution at different depths in the resist gets wider from 
top to bottom. A typical EED distribution at different 
depths in O.S-pm PMMA on a silicon substrate is shown in 
Fig. 1 for a 20 ke V single electron line source. This distribu
tion is obtained by using an f77 program RESIS I based on 
the Monte Carlo simulation technique, as described earlier.2 

where I(x) is the EED distribution at a given depth in the 
resist, (T is the standard derivation of the normalized gaus-

EED distribution corresponding to the gaussian elec
tron beam is obtained by numerical evaluation of one-climen-

sian beam of radius uji, and No is the line charge density 
(No.ofe/cm). 

Resist profiles in a 0.8-,um-wide line made up of five 
single beam lines, a beam diameter of 0.2 pm, a beam-to-
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