614 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 47, NO. 5, MAY 1999

W-Band Finite Ground Coplanar
Monolithic Multipliers

John Papapolymerogtudent Member, IEEE;red BrauchlerMember, IEEE,
Jack EastMember, IEEE,and Linda P. B. KatehiFellow, IEEE

Abstract—This paper describes the design, fabrication, and is given by Rizziet al. [5] and has a peak output power
experimental evaluation of W-band planar monolithic varactor  of 55 mW at 174 GHz and a peak efficiency of 25% using
frequency multipliers based on finite ground coplanar (FGC) 3 palanced combination of two diode pairs. More recently,
lines. These lines are a low-loss low-dispersion alternative of g\joyson [6] has demonstrated a fixed tuned planar four-
a planar transmission line to more conventional microstrip or .
coplanar waveguide lines at millimeter-wave frequencies. The d'o_d_e doubler Centere_d at 150 GHz that has a 28% peak
near transverse-electromagnetic nature of propagation of the €fficiency, 3-dB bandwidth of 130-168 GHz, and output power
FGC lines simplifies circuit design and layout. Two-dioddd -band  of 25—40 mW. Planar diodes are approaching the performance
varactor multipliers with input @’s of two and three and FGC  of their whisker counterparts.

BPUt ;”hd output rt]avte been refa%ed-\;/he me'}f_ip_”er Wi”; ilng’gg/ Most millimeter-wave multipliers are based on waveguide
= 2 has an output power o mW, an efficiency of 16.3% ... : —_— ;
near 80 GHz, and a —3-dB bandwidth greater than 10 GHz, circuits. Wavegu|d_e_ circuits _hgve the IQW loss and high
while the multiplier with @ = 3 has an efficiency of 21.5% near _Q needed for efficient multiplier operation and_ can also
70 GHz and a 6-GHz bandwidth. This paper will briefly describe include tuners and backshorts needed to optimize for peak
the characteristics of the FGC lines, the design of the multipliers, performance. However, waveguide mounts are complex
and their radio-frequency performance. and become more difficult and expensive to machine with
increasing frequency and smaller size. An alternative approach
uses many diodes and quasi-optical techniques to greatly
increase the power output [7]-[8]. This approach allows the
I. INTRODUCTION power generation and tuning to function on a spatial grid

OCAL oscillator sources are an important part of alvith each grid element having printed tuning elements. The
L high-frequency receivers. Transistor sources are availabfsult is usually increased power and reduced efficiency when
at lower frequencies and two-terminal devices such as Gug@mpared with waveguide multipliers. Another multiplier
oscillators provide power up to about 150 GHz, but harmon@PProach is monolithic or monolithic-microwave integrated-
multipliers are the main radio-frequency (RF) sources at high@fcuit (MMIC) multipliers. Many similar MMIC multipliers
frequencies. A detailed summary and review of multipli¥an be fabricated at the same time using integrated circuit (IC)
performance can be found in [1] and [2]. Most mu|tip|ier§abrication techniques and, thus, producing low-cost circuits.
are based on Schottky barrier diodes with early multiplieldowever, planar circuits tend to have higher loss and la@er
using a honeycomb anode chip with a whisker contact acrd¥8en compared to waveguide ones and it is also more difficult
a Wa\/eguide mount. Whisker-contacted diodes have very |(§WinC|Ude tuning elements. Even with these |imitati0ns, some
parasitics, but they are difficult to handle, can have problergry useful MMIC multipliers have been reported. Cretral.
with thermal cycling and vibrations, and have performance thi@ described a planar MMIC multiplier with an output power
is critically dependent on the shape of the whisker. Even wif 65 MW and an efficiency of 25% at 94 GHz using a
these problems, whisker-contacted multipliers were the mdBtCrostrip circuit.
common millimeter- and submillimeter-wave sources until the This paper will describe the design, fabrication, and eval-
late 1980's. A typical low-power whisker-contacted multipliep@tion of W-band planar multipliers using a modified form
had 35% efficiency at 98 GHz [3]. In 1987, Bishap al. of coplanar waveguide (CPW) lines. Preliminary results can
proposed the microchannel structure as an alternative hii® found in [10]. Section Il will describe the properties of
frequency planar diode [4]. This structure was much easitye new line structure. Section Il will discuss the design
to handle and could also be used to fabricate multiple diod@dd fabrication of the multipliers and Section IV will present
for the same mount. An example of this type of multipliel'fhe experimental results. The conclusions are summarized in

Section V.
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on the substrate thickness, but problems can occur because of Frequency (GHz)
parasitic parallel-plate waveguide modes. These modes can @)

be suppressed with via holes that make circuit fabrication
more difficult and can cause additional problems if placed
incorrectly. The more complex propagation properties add
to circuit-design problems since complicated line models are 4|

needed to correctly predict results. This paper proposes the use =

th

of a modified CPW structure with finite-width ground planes.
This finite ground coplanar (FGC) line overcomes many of the
problems associated with conventional CPW’s and microstrip
lines, and can be scaled easily to higher frequencies. A detailed
description of these lines is given in [11].

The geometry of an FGC line is shown in Fig. 1. The
narrow ground planes reduce the effect of parallel-plate modes,
thus eliminating the need for via holes. Wafer thinning is 0 ‘ ‘ ‘ l R
not required, backside metallization does not affect the line 0 20 40 60 80 100 120
characteristics and the loss is mainly ohmic and dependent on Frequency (GHz)
the geometry rather than the substrate material [12]. The FGC (b)
line supports _tWO modes of operation to dc: the CPW and t'h_% 2. Measured FGC properties. (a) Effective dielectric constant versus
coupled slot-line mode. However, the latter can be successfu}[gquency, (b) Loss versus frequency.
suppressed by using symmetry around the center conductor or
air-bridges. In a real application, where the circuit will beotal line width was 46Q:m, corresponding to a higher order
mounted on a metal carrier or package, the presence of thede cutoff frequency of approximately 180 GHz. The width
ground plane can excite the first parasitic microstrip mode.t of the signal conductor was 5@m while the slot width
has been found [14] that a single mode of operation is possiklevas 45 m for this test line. The lines were measured
(cutoff frequency of first parasitic mode much higher than baritbm 2 to 60 GHz and 70 to 118 GHz using an Alessi probe
of operation) if the line geometry is chosen so that the wid#tation with different probes for each frequency band and
of the entire structure is less than half the wavelength in temeasurement system that was calibrated using the NIST
dielectric at the highest operating frequency. Correct selectioiultiCal program [15F The measured loss and dielectric
therefore, of the FGC line geometry is fundamental for theonstant of the lines are shown in Fig. 2. The approximately
minimization of parasitic-mode effects in any real circuit. constant permittivity indicates low dispersion and a nearly

A quasi-static solution of Laplace’s equation using a finitgaure transverse electromagnetic (TEM) mode propagation over
element solvérand a conformal point-matching method [13the entire frequency range. The loss normalized to the guided
were used to characterize these lines. These codes are veryMastelength has an inverse square-root dependence, indicating
and were used to predict useful geometries for fabricatioat it is mainly ohmic. The loss is approximately 0.23 A/
Several representative structures were then fabricated atdl00 GHz.
measured. The ground strip width must be narrow to avoidA variety of filters, stubs, and line steps were investigated
moding and wide enough to reduce loss. An extensive getorder to obtain information on building blocks needed for
of measurements by Ponchak [14] indicates that the grouth@ multipliers. The details of these results are given in [11].
width should be Parallel stubs were used for the multipliers in this paper, thus,

their characteristics will be described. A photograph of a planar
Wy s+ 2w (1) open stub with two 144@m-long stubs and 2@m signal
s Wépges and slots is shown in Fig. 3(a). The lines have air-bridges

where the dimensions are defined in Fig. 1. Test lines at the corners and the junctions to equalize the ground planes
i n 50Q:m-thick GaAs substrates using a 580- . .
fabricated o 0 I N using and suppress the coupled slot-line mode. Thé&5@ed lines

thick Ti adhesion layer and gm-thick gold conductors. The

Attenuation (dB/A

1PDease, Macsyma, Arlington, MA. 2R. Marks and D. Williams, Program MultiCal, rev. 1.00 NIST, Aug. 1995.
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TABLE |
MEASURED DC CHARACTERISTICS FOR THEFABRICATED DIODES
Rs () | Cjo (fF) n I, (fA) | Ver (V) | fc (GH2)
2.2 88 1.15 185 —11.8 822

—
<

Fig. 4. Fabricated multiplier based on FGC line technology.

—
=

Magnitude S21 (dB)

measure of the operating mode. Resistive or Qunultipliers

have modest efficiencies and wide bandwidths, while reactive

multipliers have higher efficiencies and smaller bandwidths.

The impedances in hig§ circuits are more sensitive to small

| variations in the dimensions of the lines in the experimental

----- Modeled circuits. High ¢ multipliers also have a larger RF voltage

‘ ‘ ‘ ‘ Mef’s“"d 0 swing across the active device than a lowgrmultiplier,

0 20 40 60 80 100 120 for a given available pump power. This limits the pump
Frequency (GHz) power in high@ multipliers [16]. Waveguide multipliers can

(b) be designed for highef), with modest differences in the
Fig. 3. Planar open stub. (a) Photograph. (b) Measured and fitted return /@65I1gn versus realized impedances adjusted with tuners and
insertion loss from 2 to 110 GHz. backshorts. Similar impedances in a MMIC multiplier are

gd, with the bias point being the only available “tuning.”

have the same dimensions as the test line described in ﬁl multiple reflection code was modified to adjust the diode
above paragraph. The measured data were fitted to a lo pe . ajust
réea and bias so that the required embedding impedances

TEM transmission-line model using LIBRA. A comparison o ld be realized for desians with diode inbdts of two
the modeled and measured results is shown in Fig. 3(b). Th&R 1z esigns wi lode I POt WO
three. The) = 2 diodes had an epitaxial layer doping

is a close fit between the measured and simulated results, a %O”/cm?’, a thickness of 4706, and an area of 6zm?

indicating that the FGC line can be correctly described by . . . .
: ; - : er diode with a bias tuning voltage ef3.5 V, whereas the
nondispersive lossy TEM line model, which can be used % — 3 diodes had an epidayer thickness of 4080and

easily and accurately design the passive circuitry around the

> : . : .
multiplier diodes. The model did not include any additionat"! a5r$/a ?rieeglilﬁrgrerr)]i; glfo'::]z \gltir_]|aa eﬁ'?ﬁéﬁ:&% \t;glttvitgegnotfhe
elements for the junction. Similar stubs were used as inptgv% diodes is due to the differen? ma%erial that was available at
and output filters on the multipliers.

the time of fabrication. It should be noted here that there is no
fundamental difference between tffe= 2 and@ = 3 diodes,
except for the bias voltage. The dc parameters for the diodes
FGC line elements with characteristic impedances varyingn be found in Table I. The single-diode input impedance
from 20 to 80(2 were used as a starting point for the multiplievas 51.54106 Q and 52.47160.8 Q for the Q = 2 and
design. A nonlinear multiple-reflection program that includeg = 3 diode, respectively, at the fundamental frequency. The
velocity saturation, forward conduction, and avalanche breakultiplier circuit, designed for an 80-GHz output frequency,

down, modified from the code described by Eesal. [16], was printed on a GaAs semi-insulating wafer after the doped
was used to design the multipliers. The varactor diode dgtive layer was etched away.

usually specified and the multiplier is designed around it in

conventional multiplier design. Here, the diode parameters

become part of the design process; the operating frequency IV. EXPERIMENTAL RESULTS

sets the doping level and the peak RF voltage swing limitedA variety of multipliers, including series and shunt con-
by the breakdown voltage set the active epitaxial layer widtfigurations and single— and multiple-diode structures, were
Multiplier operation varies from a resistive mode where thdesigned, fabricated, and tested. The best results, which were
current is dominated by conduction current to a reactive obtained with the diode-pair shunt structure, will be described
varactor mode where the current is dominated by the pumpihgre. The details on the other multipliers are given in [17].
of the depletion layer capacitance. The diode infuis a The @ = 2 multiplier shown in Fig. 4, is designed with 30-
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TABLE I
GEOMETRICAL CHARACTERISTICS FOR THEQ = 2 MULTIPLIER
Section Section Description w (pm) | s (pm) | Length (um)
A 50 2 signal launch structure 50 45 500
B Open-end balanced stub 20 20 331
C 50 Q standard section 50 45 354
D Diode feed lines (short end stub model) 20 80 213
E 50 Q standard section 50 45 709
F Open-end balanced stub 20 20 682
G Low impedance section 120 10 380
H Signal launch structure 50 45 500
Ohmic cathode Schottky Anode 20 T T T T T T r 20
Air-bridge
115 _
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Fig. 5. SEM photograph of the Schottky barrier diode. <
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BS10CVNA o). mm-wave sourcel-—-w- attenuator 10 12 14 16 18 20 22 24 26 28
7 Input Power (dBm)
26-40 GHz Fig. 7. Output power and efficiency versus input power for ¢he= 2
H multiplier at 80 GHz.
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Fig. 6. Block diagram of measurement system setup. 1or 110
— ==}
* 5 15 T
input and outputs on the ends, a second harmonic trap on thg Efficiency g
input side, and a fundamental trap on the output side. Theg °®f 10 =
varactor diodes are connected to the main line with inductiveg st 1.5 2
lines that cancel out the average capacitance of the diodes . 4
Additional information about the structure is given in Table Il -10} 7] -10
and a close-up photograph of the diode is shown in Fig. 5. R
The multiplier was evaluated using on-wafer probing at the -1° Lo LT T T S 1-15
input and output. The input and output measurements were _,, e .20

calibrated to the tips of the probes usikg-band and¥V -band

HP 8510 test sets and power meters at the pump and output
frequencies. AKa-band traveling-wave tube (TWT) was used .
as the source. This combination of input and output test-qg&
frequencies limited the output frequency range from 66 to
80 GHz. The details of the calibration and error correction

70 71 72 73 74 75 76 77 78 79 8¢
Frequency (GHz)

Fig. 8. Efficiency and return loss versus frequency for¢he- 2 multiplier
a constant input power level of 20 dBm.

are given in [17] and a block diagram of the measuremefeasurement frequency range. The efficiency and return loss
system can be seen in Fig. 6. The measured output power & 70 to 80 GHz for a constant 20-dBm input power are
efficiency of the@ = 2 multiplier are shown in Fig. 7. The shown in Fig. 8. The-3-dB efficiency bandwidth is wider
peak efficiency was 16.3% and the peak output power wdmn the 10-GHz measurement bandwidth. A second iteration
72 mW at 80 GHz. The design worked well over the entiref this multiplier had an output power of 93 mW at 71.5 GHz,
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TABLE Il
GEOMETRICAL CHARACTERISTICS FOR THEQ = 3 MULTIPLIER
Section Section Description w (pm) | s (pm) | Length (pm)
A 50 Q signal launch structure 50 45 500
B Open-end balanced stub 50 19 346
C 50 Q standard section 50 45 360
D Diode feed lines (short end stub model) 20 80 268
E 50 © standard section 50 45 702
F Open-end balanced stub 20 20 682
G Low impedance section 120 10 307
H Signal launch structure 50 45 500
- N ¥ [16]. Comparing the experimental results of te= 2 and3
] multipliers with those of [6], the lower efficiency is expected
20 520 since the planar circuits are much lossier than the waveguide
15 G5~ ones and the diodes are different (four instead of two).
S 2
. 10 710 2 V. CONCLUSIONS
= 03 - . . . . B
E s+ Efficiency 15 ': This paper describes the design, fabrication, and evalu-
é 0 b I— 1 0 5 ation of W-band multipliers using FGC lines. These lines
= a ' g overcome many of the problems associated with traditional
.5k, 1.5 planar transmission lines at millimeter- and submillimeter-
. 1 wave frequencies, such as the microstrip and CPW line. They
10 b e b b b e b b 110 have very low dispersion and loss compared to those lines, and

66 67 68 69 70 71 72 73 74

allow circuit design using simple TEM line element models.
Frequency (GHz)

They can also be scaled easily to much higher frequencies
Fig. 9. Efficiency and return loss versus frequency for¢he- 3 multiplier ~ With little additional fabrication complexity. & = 2 W-band
for a constant input power level of 17 dBm. multiplier designed using these lines had an efficiency of
16.3%, output power of 72 mW, and3-dB output frequency
. - . i . range wider than 10 GHz, while @ = 3 multiplier had a
but .W'Fh a lower efﬁuency. The design efﬁgency of th'i%.S% efficiency at 70 GHz with 6-GHz bandwidth. Work is
multiplier was 33%. The estimated loss of the input and outpu o o
Lo ) currently under way for the fabrication of a monolithic doubler
circuits based on line measurements was 1.1 dB and the ret&gﬂ
g . . tered between 170-180 GHz.
loss at the peak efficiency point was7.5 dB. The resulting
multiplier internal efficiency is 26%, in reasonable agreement
with the model prediction. This output power level is among ACKNOWLEDGMENT
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