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A High-Power W-Band Monolithic FGC Doubler

John Papapolymeroiviember, IEEEJack EastMember, IEEEand Linda P. B. Katehiellow, IEEE

Abstract—This paper describes the realization of a high-output TABLE |
power W-band planar monolithic doubler using finite ground MEASURED DC CHARACTERISTICS PER DIODE
coplanar lines. The design of this doubler is based on two
parallel pairs of varactor Sch_ottl_<y diodes fabricate_:d_ on GaAs Rs(Q) | Cj, (fF) | Cp (fF) 7 | Ver (V) | fc (GHz)
substrate. Measured results indicate a 12.5% efficiency at 74 25 90 915 1.18 115 571
GHz, a minimum 3-dB bandwidth of 12.5%, a return loss of —15
dB and a maximum output power of 115 mW. To the authors’
knowledge, this is the highest output power level reported for a
planar/monolithic W-band doubler.

Il. DESIGN OFFGC DOUBLER

The planar doubler design is based on using two parallel
|. INTRODUCTION pairs of Schottky diodes with matching and isolation networks
i i at the input and output ports. These networks provide the
OCAL oscillator sources are an important part 0f,,,hriate conditions to match the diode impedances and
- all high-frequency transmitters and receivers. MOgfiock the fundamental and second harmonic from the output
millimeter-wave multipliers are based on waveguide circuitg,q jnnyt, respectively. All passive circuits are realized with
that have the low loss and high quality factor needed f@iGc jines that provide transverse electromagnetic mode (TEM)
efficient multiplier operation and can also include tunergnaracteristics and can be easily modeled [7]. A nonlinear mul-
and backshorts to optimize for peak performance. Sevefgjje reflection software tool that takes into account the velocity
waveguide-based multipliers have achieved very high efficiegaturation effects in the undepleted portion of the epitaxial layer
cies and output power levels [1], [2]. However, waveguidguring the radio-frequency (RF) cycle by including a velocity
mounts are complex to design and become more difficWérsus electric field expression for the drift current [8] has been
and expensive to machine with increasing frequency apded to design the varactor diodes. Input parameters are the
smaller size. An alternative approach is to use many diodegilayer thickness and doping concentration, the input Q of
and quasi-optical techniques to greatly increase the powse diode (ratio of imaginary to real part of diode impedance),
output [3]. This approach allows the power generation anbe fundamental frequency, and the input power. Output pa-
tuning to function on a spatial grid with each grid element'tameters include the input and output diode impedances at the
having printed tuning elements. The result is usually increastoshdamental and second harmonic, respectively, the anode area
power and reduced efficiency when compared to waveguidad efficiency, and the bias voltage. For an epilayer doping of
multipliers. 10'7/cm? and a thickness of 4000 A, the theoretically yielded
Another multiplier approach is monolithic microwave inteanode area is 7pm?, the input impedance around 40 GHz is
grated circuit (MMIC) multipliers. Many similar MMIC mul- 52-j106 €2, the output impedance is 41.2-j3b at the second
tipliers can be fabricated at the same time using standdrdrmonic, the bias voltage is3 V, and the efficiency is 32%
integrated circuit fabrication techniques, resulting in robudipassive circuit losses not included).
small-size, and low-cost circuits. Planar circuits, however, tendIn order to find the actual dc characteristics of the diodes
to have higher loss and lower quality factor when compared f&eded for simulating more accurately the doubler performance
waveguide ones, and it is also more difficult to include tuningliodes and passive circuitry), some test diodes with the param-
elements. Even with these limitations, some very useful MMI€ters calculated from the nonlinear multiple reflection program
multipliers have been reported: microstrip doublers with 25%ere fabricated on GaAs. The various diode parameters mea-
efficiency at 94 GHz [4] and 2.8% efficiency at 320 GHz [5]Sured from the current-voltagé{}’) and capacitance-voltage
as well as finite ground coplanar (FGC) broad-band doubld&-V) charact_e_rlstlcs are summarlz_ed m_TabIe I, whereitis seen
with efficiencies of 16.3% and 22% in W-band [6]. The efforihat the parasitic capacitance per diode is 21.5 fF. The zero bias

of this paper is to demonstrate higher output power fromcaé\pacitanceﬁjo is 90 fF, which is close to the theoretical value

W-band planar doubler by using four Schottky diodes ope‘?f 75 fF (the difference is due to fabrication tolerances in the

ating as varactors. anode area)._ . . .
The matching and isolation networks at the input and output

side were first designed inibra, where the diodes were mod-
. . . _ eled as a series combination of a resistor and a capacitor (just for
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= Fig. 2. Simulated efficiency versus input frequency for an input power of 20

Fig. 1. Multiplier configuration with passive circuits and four diodes. dBm.

impedance section had to be inserted before the open-end stubs
that trap the second harmonic (see Fig. 1). The dimensions and
lengths of the various line segments were determined by the sim-
ulations and the mathematical relations linking the character-
istic impedance and geometrical characteristics of an FGC line
[9]. In the Libra simulation, each FGC line segment was mod-
eled as an ideal transmission line with known effective dielectric
constant and attenuation. Thisis correct since FGC lines supp}:ci)rt
a TEM mode of propagation. Measured values of the attenuatiofi
and effective dielectric constant were used in these simulations
[6].

With the lengths of the different line sections specified, the
performance of the doubler was simulated in the harmonic bal-
ance test bench dfibra. Each diode was simulated with a pn
junction model of known dc parameters (from measurements).
Results can be seen in Fig. 2, where for a bias voltage3%

V an efficiency of 13% and a bandwidth of 17% were achieved

at an input frequency of 39 GHz. If the parasitic capacitance
of 21.5 fF is not included (ideal case), then the efficiency in-
creases to 18%. This shows the effect that diode parasitics have
in the performance of the doubler. The discrepancy between the ) ) ) ) )
efficiency estimated byibra and the one estimated by the nonflg. 4. Scanning electron microscope photo of two diodes in series.

linear multiple reflection program is due to the passive circujt
line loss that is accounted for labra. to deembed them from the measured data. The total loss of

the input subsystem was measured to be43.6.3 dB, while

the loss of the output subsystem was found to ke 3.3 dB

over the measurement band. The loss of each subsystem was
The four-diode doubler was fabricated on a GaAs wafewvaluated by measuring the return loss of three planar standards

(Ng = 1 x 107 cm™2, thickness= 4000 A) and a pho- (open, short, load) and solving for the S-parameters of the

tograph of the actual circuit can be seen in Fig. 3, with theubsystem [10]. The WR-10 E-H tuner was placed at the output

low-impedance sections at the input and output shown. side after the probe to minimize any mismatches between the

closeup of the diodes is shown in Fig. 4. output part of the doubler and the diode impedances. As was
The measurement system for the performance evaluatiooserved in the measurements, the E-H tuner increased the

of the doubler consisted of a Ka-band subsystem at the inpo¢asured efficiency by a small percentage only, due to the good

that included a planar probe, a 3.5-mm male-to-male adaptoratching achieved with the output circuitry of the doubler.

a coax-to-waveguide transition, several WR-28 waveguideEfficiency measurements for an input power of 20 dBm can

components, and a traveling wave tube source connectedbéseenin Fig. 5, where itis observed that an efficiency of 12.5%

an HP8510 network analyzer. At the output, the measuremdiais been achieved at approximately 74 GHz with a return loss of

system consisted of a subsystem that included a planar prob&5 dB and a bandwidth of 12.5% for a bias voltage-&5 V.

a WR-10 waveguide, a WR-10 E-H tuner, and a power sensiine actual bandwidth is larger but cannot be measured due to

and meter. Losses at the different components between thmper frequency limitations of the system setup. For 23 dBm

probe tips and the power meters were measured first in ora@drinput power and the same bias voltage, the efficiency did

Photograph of the fabricated four-diode doubler.
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Fig. 5. Measured efficiency and return loss versus output frequency of thigy. 7. Measured output power and efficiency versus input power at 74 GHz.
four-diode doubler for an input power of 20 dBm.

20 0 0 20 IV. CONCLUSIONS
0 ——— T T 1 We have designed, fabricated, and tested a monolithic FGC
5 : 3 GaAs doubler based on four varactor Schottky diodes. The dou-
® 0F J0 2 bler demonstrated an efficiency of 12.5%, a minimum 3 dB
N ] % bandwidth of 12.5%, and a return loss-ei5 dB for an input
g-1or TR e L power of 20 dBm, which is in good agreement with simulated
2 a0k LR E results. In addition, an output power of 115 mW was achieved
= i A J/ ; & at 74 GHz for an input power of 1130 mW. To the best of
300 RUPTA v Return Coss | ] .30 our knowledge, this is the highest level of output power and
i o : broadest bandwidth achieved at the same time, reported for a
S e e Y 1 | monolithic/planar W-band doubler. Further improvement of the
70 72 erzuency7(?;ﬂz) 78 80 efficiency is possible by reducing the parasitics of the diode.

The monolithic fabrication technique adopted here is compat-
Fig. 6. Measured efficiency and return loss versus output frequency of e with commercial GaAs MMIC foundry processes, leading
four-diode doubler for an input power of 23 dBm. to ease of manufacture, low cost, reliability, and integration with
existing GaAs products.
not change significantly, as can be seen in Fig. 6, but the re-
turn loss became better, especially for output frequencies above
76 GHz. This means that pumping the four-diode combination ) . . .
. . . . [1] A.V.Raisanen, “Frequency multipliers for millimeter and submillimeter
harder changes the impedances in a way that the input matchlnb wavelengths, Proc. IEEE vol. 80, pp. 18421852, Nov. 1992.
is improved, under the condition that the bias voltage does not2] D. W. Porterfield, T. W. Crowe, R. F. Bradley, and N. R. Erickson, “A
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. IEEE Trans. Microwave Theory Tec¢hol. 47, pp. 419-425, Apr. 1999.
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The measured output power versus input power at 74 GHz[4] pp. 533-536.

. . . S. Cheret al, “Rigorous analysis and design of a high performance 94
is shown in Fig. 7, where an output power of 115 mW was GHz MMIC doubler,”|IEEE Trans. Microwave Theory Techvol. 41,
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