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A High Eﬃciency Balanced Frequency Tripler Incorporating
Compensation Structure for Millimeter-Wave Applications
Yongjie Liu1 , Minghua Zhao1, * , Zongrui He1 , and Zhongbo Zhu2

Abstract—This paper presents the design and experimental research of a high eﬃciency balanced
frequency tripler in the whole Ka band incorporating compensation solder pads. An anti-parallel GaAs
Flip-Chip varistor diode is applied in this frequency tripler. The frequency tripler has the advantages of
low conversion loss, broadband and compact circuit size. Considering the parasitic parameters resulted
by the actual pads of the nonlinear device, a compensation solder pad was developed and adopted. The
conversion loss of the frequency tripler is 15 dB with variation of ±1 dB across the output frequency
from 30 to 37.5 GHz. In experiment, the maximum output power of 5.8 dBm is obtained at 35.4 GHz
with 3.8% conversion eﬃciency when the input power is 20 dBm, and the 3-dB operation band width
is about 10 GHz, which shows a good agreement between the simulation results and the experimental
results.

1. INTRODUCTION
With the rapid development of millimeter-wave wireless communication in military and commercial
applications, such as atmospheric remote sensing, scaled radar range systems, increased security for
point-to-point communications, the demand for millimeter-wave source, the key component of the
millimeter-wave wireless communication system, is growing. Traditionally, among the methods to
obtain the source, the two common ways are fundamental oscillator and frequency multiplier. However,
it becomes increasingly diﬃcult to build fundamental frequency oscillators with good power, stability,
and noise characteristics when frequency increases into the millimeter-wave range [1]. To overcome
this disadvantage, frequency multiplication becomes an eﬃcient way to obtain the millimeter-wave and
submillimeter-wave sources [2–4]. From the perspective of the application, a good frequency multiplier
should have the characteristics of high output power, low conversion loss and small size. However,
design of a good frequency multiplier mostly depends on circuit topology and proper compensation of
the parasitic parameters for commercially available discrete Schottky diodes [2]. In order to design a
good performance frequency tripler, a simple but eﬀective circuit topology incorporating compensation
solder pads is proposed.
Frequency triplers employing an anti-parallel diode pair have been proved to have good performance
in millimeter-wave and submillimeter-wave frequency range [5–8]. Compared with the single diode
frequency tripler, the frequency triplers based on anti-parallel diodes have major advantages of low
spurs and simple idle circuits, because the odd harmonics are combined in phase at the output, while
the even harmonics are trapped in the circle of the diode pair. The most important part in the design of
a frequency tripler based on anti-parallel diodes is to provide suitable terminations for input frequency
and the output frequency at both sides of the diodes [9]. However, the terminations, such as pads,
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of the diodes can also result in parasitic parameters which can aﬀect the performance of the balanced
frequency tripler to some extent [10]. Hence, the performance of the balanced frequency tripler can be
improved by compensation for the parasitic parameters.
In this work, a balanced frequency tripler incorporating a compensation structure for the parasitic
parameter which resulted by the solder pad is proposed. The Schottky diode MA4E1310 is applied as
the nonlinear component. In order to predict the performance of the frequency tripler accurately, an
accurate equivalent circuit model of the diode is built in the nonlinear simulation platform of advanced
design system (ADS). In addition, input and output matching networks are designed and optimized
to present proper embedding impedances for the anti-parallel diode pair at corresponding operation
frequency, and a microstrip to waveguide transition with low insertion loss is designed and optimized
by the simulation platform of high frequency simulation system (HFSS).
2. COMPENSATION SOLDER PAD FOR ANTIPARALLEL DIODE
The solder pad is used to connect the nonlinear device and the linear circuit; however, as operation
frequency increases, the parasitic parameters resulted by the pad of the nonlinear device cannot be
ignored. In [10], an accurate equivalent circuit of the pad including the relationship between the
pad size and the capacitance resulted by the pad of the nonlinear device was proposed. However, for
commercially diodes, little work can be done on the pad size. Therefore, to enhance the design reliability
and improve the performance of the frequency tripler, a compensation solder pad for antiparallel diode
is developed to compensate the capacitance resulted by the pad of the nonlinear device.
In [11], a microstrip structure with insert a narrow transverse slit into a microstrip transmission line,
as shown in Figure 1, which can be described in terms of an equivalent series inductivity, is proposed.
The value of the equivalent series inductivity is the function of a/W and independent of the slit width
b as long as b is roughly between one and one tenth of the substrate thickness. Therefore, the structure
can be adopted as the solder pad to compensate the capacitance resulted by the pad of the nonlinear
device.

Figure 1. Microstrip transmission line with
insert a narrow transverse slit.

Figure 2. Compensation solder pad.

However, as the solder pad, a disadvantage of the discontinuities at bends still exists, which can
cause the degradation in circuit performance. Thus, some changes must be made to eliminate the
discontinuities. As shown in Figure 2, the discontinuity at bends is compensated by chamfering which
is the traditional and eﬀective method [1]. The variable M is deﬁned as the degree of the chamfering.
x
(1)
M=
D
Herein, the compensation solder pad proposed in this work has three advantages.
1) The capacitance resulted by the pad of the nonlinear device is compensated by the inductivity
provided by the compensation solder pad.
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2) The discontinuity at bends is compensated by chamfering, which reduce the possibility of mismatch
in input and output port.
3) The discontinuities between every nonlinear device and the solder pad can be eliminated by tuning
the size of the solder pad, which can excite the nonlinear device in a better way.
3. THE CIRCUIT DESIGN OF TRIPLER
3.1. The Circuit Schematic
The proposed frequency tripler in this work is based on anti-parallel diodes. The diagram sketch of the
frequency tripler circuit is shown in Figure 3. The input signal is fed into the antiparallel diodes through
the optimized input matching network and the left compensation solder pad, while the output circuit
is composed of the right compensation solder pad, optimized output matching network and the low
insertion loss transition from the microstrip to the waveguide. The input signal excites the anti-parallel
diode pair with the same magnitude and 180◦ out of phase, and the odd harmonics including third
harmonic are combined in-phase in the output port, while the even harmonics are trapped in the circle
of the diode pair [12].

Figure 3. Schematic of the proposed frequency tripler.
The frequency tripler circuit is based on a 0.254-mm thin Rogers5880 substrate (0.254 mm thick,
relative dielectric constant 2.22, loss tangent 0.001) and the two M/A-COM MA4E1310 diodes are
featured in an antiparallel conﬁguration in this design. The input and output matching network are
designed to match to 50 ohm by tuning the widths and electrical lengths of the four microstrip lines
ML1, ML2, ML3 and ML4. The compensation solder pads are designed to compensate the capacitance
resulted by the pad of the diodes. The third harmonic produced by the anti-parallel diode pair is
coupled to the output, and the E-plane probe transition from microstrip to standard WR28 waveguide
is designed to reduce the propagation loss and cut oﬀ the fundamental frequency.
Generally, to obtain accurate simulation results, frequency tripler circuits are simulated and
optimized by the combination of nonlinear and linear simulation platforms with ADS and HFSS. The
linear circuit is divided into three sub-circuit blocks that are simulated separately by the HFSS to obtain
the precise S-parameters of the three sub-circuit blocks, which presents the characterization of the linear
circuit. The S-parameters corresponding to diﬀerent blocks are combined with the equivalent circuit
model of the nonlinear device built in ADS to simulate and optimize in terms of conversion eﬃciency
and output power.
3.2. Theory Analysis
The proposed frequency tripler utilizes the principles of traditional balanced frequency multiplier. As
shown in Figure 3, the upper and lower diodes are connected with the compensation solder pads on
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both sides of the diode pair. The results of the frequency tripler are that the odd harmonics ﬂow to the
output port, which can be well explained by the following equations.
The currents’ ﬂow direction of the diodes marked at Figure 3 is applied to help explain the ﬂow
direction of the even harmonics and odd harmonics. As analysis in the previous, Vi1 and Vi2 are of the
same in magnitude (Vi1 = Vi2 = Vi ) and 180◦ out of phase. The currents Ii1 and Ii2 are excited by the
voltages Vi1 and Vi2 , respectively, and because of the nonlinear characteristic of the diodes, the currents
Ii1 and Ii2 can be expressed as:
Ii1 = Is · (exp(r · Vi1 ) − 1)
Ii2 = Is · (exp(−r · Vi2 ) − 1)

(2)
(3)

where r is a constant which determined by the diode and Is the reverse saturate current of the diode.
Thus, the signal coupled to the output port can be expressed as:
Io = Ii1 − Ii2 = 2Is · sinh(r · Vi )

(4)

The signal trapped in the circuit of the diode pair can be expressed as:
Ie = Ii1 + Ii2 = 2Is · cosh(r · Vi ) − 2Is

(5)

Apparently, according to (2), (3), (4) and (5), the currents ﬂowing toward to the output port are
all odd harmonics, while the all even harmonics and DC currents are trapped in the circuit of the diode
pair.
3.3. Diode Equivalent Circuit
The nonlinear diodes are the essential and most important part in the design of a frequency multiplier,
which greatly aﬀects the performance of the design [6, 9, 12]. In order to get a multiplier with better

Figure 4. The overview of the diode.

Figure 5. MA4E1310 diode equivalent circuit.
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performance, much attention must be paid to the diode selection and the establishment of diode
equivalent circuit.
Among the existing diodes, Schottky diodes have been widely used in multipliers and mixers and
proved to have good performance because of its high switching speed which was suitable for high
frequency range [13, 14]. In this work, commercially available GaAs Schottky barrier diode MA4E1310
from M/A-COM company was adopted as the nonlinear device, and Figure 4 shows the overview of
the diode. The main characteristics of this diode are allowing use through millimeter wave frequencies,
high breakdown voltage: < −4.5 V@10 µA, and extremely low parasitic.
In Ka-band, the analytical nonlinear diode model provided by the fast harmonic-balance simulator
ADS can describe the nonlinear characteristics of the diode. In addition, the parasitic parameters
provided by its datasheet can be equivalent to corresponding lumped elements [9, 13]. In [9], an eﬀective
way to establish the diode equivalent circuit was introduced. Furthermore, the SPICE parameters of
the diode can be extracted by the I-V curve and C-V curve [15]. The main nonlinear spice parameters of
MA4E1310 diode extracted by the I-V curve are summarized in Table 1. Figure 5 shows the equivalent
circuit for the diode in ADS. Figure 6 shows the comparison between the simulation I-V curve and the
I-V curve provided by the datasheet at room temperature. From Figure 6, the result shows a good
agreement between the I-V curve provided by the datasheet of the diode and the I-V curve simulated
by the ADS.
Table 1. Main nonlinear SPICE parameters of MA4E1310 Schottky diode.
Rs (ohm)
6

Is (fA)
43.2

(a)

Cj0 (pF)
0.01

N
1.15

Ibv (µA)
10

(b)

Figure 6. (a) I-V curve obtained through ADS simulation, (b) typical I-V curve provided by the
varistor diode data sheet.
3.4. Microstrip to Waveguide Transition
As the non-negligible loss produced by the transition from microstrip to coaxial line in welding when
frequency increases into the millimeter wave range, the transition from microstrip to waveguide is
adopted as an essential part in millimeter-wave circuits design because of its simple structure and low
insertion loss [16, 17]. In this work, a low insertion loss transition from microstrip to the standard
WR-28 rectangular waveguide via an E-plane probe is proposed.
Figure 7 shows the sketch of the proposed transition. The transition consists of WR28 rectangular
waveguide, E-plane probe (P ML3), high-impedance line (P ML2) and 50 ohm microstrip line (P ML1).
The input signal is coupled to the output port by the E-plane probe, and the high-impedance line is
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used to compensate for the capacitive reactance produced by the E-plane probe [16]. Therefore, the
performance of the transition is greatly aﬀected by both the E-plane probe and the high-impedance
line. Thus, better performance of the transition can be achieved by tuning the P ML2, P ML3 and D
marked at Figure 7.
The transition is simulated and optimized by the simulator ofHFSS. The simulation results of the
transition are presented in Figure 8, and the corresponding electrical lengths of the P ML1, P ML2 and
P ML3 are shown in Table 2.

Figure 7. Sketch of the transition.

Figure 8.
transition.

Simulated S-parameters of the

Table 2. Structure size of the symbols (UNIT: mm).
Symbol
Length (mm)
Width (mm)

P ML1
3.23
0.72

P ML2
0.77
0.54

P ML3
1.72
1.03

D
2.05

3.5. Simulations of the Frequency Tripler
As introduced above, the HFSS is employed to build the 3-D electromagnetic model of the whole
frequency tripler and simulate the linear response of the frequency tripler. Figure 9 shows the overall
model built in HFSS. The compensated pads with labels Port #1∼#4 are also shown.
The ADS is applied to simulate the nonlinear response of the frequency tripler with combining the
6-port S-parameters ﬁle exported from the 3-D EM model of the frequency tripler shown in Figure 9.

Figure 9. 3-D electromagnetic circuit model of the frequency tripler.
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The 6-port S-parameters ﬁle well presents the port match state and the transmission loss resulted
by the guide waveguide and the microstrip line, which contributes to predict the performance of the
frequency tripler accurately. Combing with the diode model mentioned above, the schematic drawing
of the integrated model built in ADS is shown in Figure 10.

Figure 10. Integrated model for nonlinear simulation.

Figure 11. Simulated output power and conversion loss of the frequency tripler when pumped with
20 dBm of input power.
The overall simulation is performed with 20 dBm input power. Figure 11 shows the simulated
output power and the conversion. In the whole Ka-band, the output power is above 5 dBm, and the
maximum output is 9.8 dBm with 10.2 dB conversion loss at 40 GHz. In addition, the output power
is 9 dBm with variation of ±1 dB across 28 GHz to 40 GHz. Because of the frequency selection of the
microstrip to waveguide transition, the output power declines quickly from 5 dBm to −7.5 dBm with
frequency lower than 26.5 GHz.
It can be concluded from Figure 8 and Figure 11 that the operation bandwidth of the frequency
tripler has great relationship with the transition from microstrip to waveguide, and the compensation
solder pads can contribute to the improvement of the performance of the frequency tripler.
4. EXPERIMENTS OF THE FREQUENCY TRIPLER
The circuit of the frequency tripler is fabricated on an RT/Rogers 5880 substrate with thickness of
0.254 mm and relative dielectric constant of 2.22. Figure 12 shows the circuit layout of the frequency
tripler, and the measurement system is composed of an Agilent signal generator E8267D, transition
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Figure 12. The circuit layout of the frequency tripler.

(a)

(b)

Figure 13. (a) The measured and simulated output power, (b) the measured and simulated conversion
loss.

Figure 14. The photograph of the frequency tripler.

from WR28 waveguide to coaxial line and an Agilent frequency analyzer N9030A. The upper frequency
limits of the E8267D and N9030A in laboratory are 43.5 GHz and 44 GHz, respectively, which can well
satisfy the demand of the test.
In experiment, the frequency tripler exhibits output power above 0 dBm from 27 GHz to 40 GHz, and
the maximum output power is 5.8 dBm with 3.8% frequency multiplication eﬃciency at input frequency
of 11.8 GHz with input power of 20 dBm. The conversion loss of the frequency tripler is about 15 dB with
variation of ±1 dB across the 30–38 GHz band. The 3-dB band width is from 30 GHz to 40 GHz. The
measured output power and eﬃciency of the frequency tripler are shown in Figure 13. The assembled
frequency tripler block is shown in Figure 14, and the whole size of the tripler is 40 mm×20 mm×20 mm.
Compared with the simulation curve in Figure 11, the measured results are well consistent with
the simulation results in the whole Ka-band.
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5. CONCLUSIONS
In this work, a high eﬃciency balance passive frequency tripler with compensation solder pad has
been designed, fabricated, and measured. This frequency tripler consists of a microstrip embedding
circuit with compensation solder pads, a pair of M/A-COM GaAs Schottky barrier diode featured in an
antiparallel conﬁguration and waveguide-to-microstrip transition. A compensation structure solder is
adopted to improve the performance of the frequency tripler obviously, and an accurate design method of
the combination of electromagnetic simulation and nonlinear character simulation is adopted to predict
the performance of the tripler.
The test data for the 35.4 GHz show 5.8 dBm output power with 3.8% eﬃciency. The 3-dB band
width is 10 GHz. The measured results agree well with the simulation ones, which demonstrates that
the balance frequency tripler with compensation solder pad has good performance and can be applied
in Ka-band communication and radar system.
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