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340 GHz frequency multiplier without matching circuit based
on Schottky diodes
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Abstract: Terahertz technology is a new across research field. In the last twenty years, THz technology
has a great development. The multiplier was the very important aspect of the technology of terahertz
heterodyne receiver front-ends in astrophysics, planetary and atmospheric sciences. THz gap exist in the
application due to the lack of effective THz signal sources and detectors. Through the frequency multiple
and amplification, we can get a high stability, low phase noise THz multiplier sources. 340 GHz is one of
terahertz atmospheric windows, so 340 GHz multiplier source can be used in variety systems including
communication and imaging system. The planar schottky diode based multiplier could work at room or
low temperature. Multiplier was the most important part in terahertz multiplier chain. In this article, we
have designed a 0.34 THz multiplier combined analysis of electromagnetic field theory and three-
dimensional electromagnetic simulation software HFSS and ADS. The experimental results show that the
max output is about 4.8 dBm, the max efficiency was 3%, in 331-354.5 GHz, and the output power was
above 0dBm. The results proved the correctness of the diode model and simulation.
Key words: THz technology; frequency multiple; simulation modeling; multiplication efficiency;
Schottky diode; balanced multiplier
CLC number: TN771 Document code: A Article ID: 1007-2276(2014)12-4028-07

M0GCGHzZ ETF S E _RERITE B KREmIE
¥ oLk L RWRHEL gt owm b RN E L RAER L, R O

(1. PRI RHEHFARE ©F TR, @) 48 621900;
2. YE LAMEARLE K4k P s, w4 621900)

W OE KHERRE AL RAAR AT R 205, KHEZHRATEXRGRE BIRE
RRKMEBEEZNBRMEZHAR, TREALERL KRAFITEHFHAANS, AMZTOOHLELE
RERS Y SRR BZRPIEMNE ., BEEMBHAF KK, TR H ARG IR
340GHz # K#t#E K A a 0 X —, vk 340 GHz 459 R ak 9515 A E S AP i@ 1E mA A %P H4F Ak
ZMAEAEIR T A TR R IR AAKIR T o 29 B AN E R R 035, BB A A 3D B
A% T —A 340GHz 9 B . FIFH Z K %4 4.8dBm, & Kz F 4 3%, £& 331~354.5 GHz

7 B #.2014-05-10; f&iT H #§.2014-05-15

HE&WH . H% 97371151 (2015CB755406)

PEE A 5 349(1987-), 5 1 b A, E BN Kbk 2% A0 I VR AR5 S5 20 4 7 T A B 9T . Email :000jiangjun@163.com

St A . kA (1968-) , 55 WFSE B, PR 2 0, RN A AR TR A | B 2 R I A R R R 2% R T T BRI R
Email:zhjmg@163.com

PDF #fi % ffi *'| "pdfFactory Pro" = 454 I www.pdffactory.com


mailto:Email:000jiangjun@163.com
mailto:Email:zhjmg@163.com
http://www.pdffactory.com

% 12 3

Jiang Jun et al. 340 GHz frequency multiplier without matching circuit based on Schottky diodes 4029

W ERT 0dBm, 545 RAEW & A7 Ao AL GG AT I

SR KMERA; B ARE,

0 Introduction

With the arrival of the information age, there is
a demand for a large quantity of frequency multiplier
chains for terahertz and sub-millimeter wave radar
imaging system and space-based and ground-based
terahertz wave super heterodyne receivers. There are
several competing and demonstrating technologies in
the semiconductor frequency multiplier field. Due to
the internal symmetry, the Heterostruc-ture barrier
varactors(HBV) usually produce only odd harmonics and
some trippers were introduced in Ref.[1-3]. In Ref.[4]
the quintuplers can reach its best conversion
efficiencies to 5% at 210 GHz. Another important
technology is about Planar Schottky diodes which
were introduced in the late 1 990 s. Because of low
output power of semiconductor three ports device,
GaAs planar Schottky diode technology plays a crucial
role in THz and sub -THz regions in two decades.
Multiplier sources based on Schottky diode were
characteristics of small volume, light weight, high
reliability, and tunable broadband. At the same time,
Schottky diodes were providing the best performance
of efficiency and output power.

Frequency multipliers based on Schottky diode
are nonlinear devices that generate harmonics of an
input sine signal. Through a matching network at the
input and output frequencies, we can optimize the
transfer of power from the fundamental frequency to
the desired harmonic and get the wanted harmonic
and suppress undesired ones, Figure 1 shows the
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Fig.1 Schottky diode multiplier schematic diagram
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schematic diagram of the multiplier. Typically the
order of multiplication of Schottky diodes is up to 3
and HBVs can be higher.

Because the balanced multiplier has a high output
power and efficiency, the balanced doubler becomes
the popularity topology for frequency multiplication,
proposed and tested in™-". Some frequency multipliers
have been shown in'®-*. Doublers or triplers are the
most important role at THz frequencies only, and
demonstrated ~ with  reported  powers at
temperature of 100 pW at 1.2 THz, 15-20 pW at
15-1.6 THz and 3 pW at 1.9 THz. In 2011, the

article™ report a 2.7 THz low power Terahertz multiplier

room

source. The 2.7 THz multiplier chain included three
Triplers, and the three balanced Triplers fabricate
5-wm-thin GaAs membrane and planar GaAs Schottky
diode. The first stage had a 400 mW driver power at
100 GHz, and the output power was 35 +3 mW at
300 GHz. The second stage adopted two ways Triplers
combining based on power synthesis technology, got
1.3 mW at 828 -918 GHz. At the final Tripler, we
could get 2-14 pW at 2.49-2.76 THz. Due to the
limit of planar Schottky Diode and membrane technics
in China, most of multiplier had a low frequency and
output power: the frequency is less than 200 GHz, the
max output power up to 8 mW.

1 Theory of multiplier

The doubler refers to the Schottky diode non-
linear characteristics (I -V or C -V characteristics)
which can double the input single. Non-linear current-
voltage and charge-voltage characteristics of a single
diode can be expanded into power series on the
excitation signal voltage V, the Eq.(1), (2) and (3):

V:VSCOS (,l)st (1)
|:a0+ a1V+a2V2+a3V3+ ...... (2)
Q=Dhy+b,V+DNV2+D o+ (3)
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Here, ag,a;,a,,a; and by,by,b,,b; are real constants, V; is
the input signal voltage. The number of diodes and
the structure of circuit can affect harmonics’ weight in
Eq.(2) and (3).

Even frequency multiplication principle, if the input
and output circuits made two diodes have a relation of
Anti-Series, iy,i,,i.,i would follow Eq.(4) in Fig.2.
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Fig.2 Equivalent circuit of Anti-Series diodes

[ i=iy(V)-ix(V)=is(ev-1)+i,(e~¥-1)
Here, « is a constant about temperature T, is is the

=i, (V) +i(V)=ig(e™~1) -i(e~V~1)
(4)

reverse saturation current, V is the signal voltage in
Eq.(1). Simplify the Eq.(4) and get Eq.(5) which has
shown the electric circuit is only suitable for even
frequency multiplication. If the used diodes make the

function would grow worse, could not reach high
efficiency.

i=4il;(aVy)coswt+ly(aVy)cos3 wt+:-+]
()
ii=if(21(aV)-2)+4i1(aV)cos2 wt+l(aV)cosd wit+: -]

Here, lg,l4,15,15,1, were the constant coefficients, i was
the input signal and i, was the output current.

2 Design topology

In Terahertz Millimeter-wave band, the Schottky
had
integration of discrete Schottky

diode frequency multiplier two basal design
hybrid

diodes™ and non-substrate transmission line technique®.

topologies:

The later one requires higher technical demands of

complete semiconductor process line and mainly
applies to the frequency doubler higher than 600 GHz.
Therefore, the 340 GHz multiplier used the hybrid
topology which has been shown in Fig.3. The doubler
between the

impedance in the input and output port of varactor

efficiency has a clear correlation

and DC bias which is applied to the diode by using a
microstrip diplexer. Allowing four anodes per chip has
an of dramatically

advantage increasing  power

handling capabilities and consequently the output

electric circuit appears unbalanced, the electric circuit  power in Fig.3.
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Fig.3 Block diagram of

340 GHz balanced doubler
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The multipliers block diagram each consist of
two components: nonlinear solid state devices (GaAs
Anti-Series Air-Bridged Schottky Diodes or GaAs
Anti-Parallel Air-Bridged Schottky Diodes) and the
surrounding input, output waveguide and impedance
matching microstrip circuitry.

3 Simulation of multiplier

This section will present a practical methodology
that was used to design a wide-band frequency
doubler at 340 GHz, and a number of important
detailed points must be addressed.

3 -Dimensional Modeling of the Schottky Diode
in HFSS: accurately modeling the performance of the
planar Schottky diode in the terahertz is a very

delicate task. In order to avoid the influence of
parasitical parameter, it’s necessary to use the three-
(3D)

structure which features a variety of materials ranging

dimensional topology of the diode physics
from metals with low conductivity (ohmic contact) to
highly doped semiconductors (N++ layer ). Figure 4
has shown the 3D structure of the Schottky diode in
3D -electromagnetic field solver and every layer have
been given the right material in HFSS shown in Tab.1.

Tab.1l Material of every layer in Schottky diode

Layers Material
N GaAs
Semi insulating GaAs
Anode Gold
Finger and pad Gold
N+ and N++ PEC
Ohmic PEC
In order to simulate the electro-magnetic

behavior of the Schottky diode without junctions, a
3D -
electromagnetic software using a wave port at the

classical approach has been used in
exact location of the Schottky contact. This wave port
shown at red region in Figure 4 (a) is usually a small
section of coaxial waveguide. The outer conductor of

coaxial waveguide is buried in the N++ doped layer
below the anode and inner conductor is connected to
the anode and airbridge. The N ++ doped layer is
assimilated to a metal and it terminates the wave port
on one side.

Figure 4(b), put the 3D diode model onto the
quartz microstrip in waveguide channel, outgoing
electromagnetic waves are generated, so input waves
are received at output port, and S-parameters can be

calculated in HFSS.
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Fig.4 3D structure of Schottky diode model

Nonlinear Modeling of the Schottky Diode in
ADS: Usually, the first step in the design of a
frequency multiplier is to choose the diodes whose
characteristics are the best suitable for the application.
It includes doping density, the anode areas, junction
capacitance C;, and breakdown voltage, the number of
junctions, ideality factor n and 3D -electromagnetic
model. The C; and
resistance Rs are the most important parameters. For

junction capacitance series
varactor Schottky diodes, the junction capacitance C;
is classically expressed as follow Eq.(6):

For V=V,/2:

C,(V)= Q\g/s) where t(V)=1/ ésd (V-V)  (6)

For V=V,/2, C; (V) is defined by linear extrapolation

of Equation (6) from V<V,;/2. Here A is the junction
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area, t(V) shows the thickness of the depletion layer, g
shows the charge of the electron, N, shows the doping
of the semiconductor epilayer. The datasheet of the
Schottky diode will normally give the value of Ny, C;,
AV,

For the frequency multiplier with working at
room temperature and Ny=1x10"cm™2, the C; (0) and
R, meet Eq.(7).

R:xC;(0)=120QxfF @)

This paper selected Schottky varactor diodes to
design the 340 GHz multiplier. The diode has four

single-pipe and Anti-Series structure. According to the
parameters given by the datasheet, ideality factor m
and series resistance R; can be calculated, Figure 5
shows the model of single tube with the value of
parameters.
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Fig.5 Model of single tube in ADS

Combine simulation methodology: In order to

prove the correctness of the diode model and
simulation, the input impedance is 70 Q) and the output
impedance is 50 Q). The structure of the multiplier uses
50 wm quartz microstrip circuit integrated in waveguide
cavity. Figure 3 show that the doubler mainly includes
five parts: input E -probe, varactor diode cave, input
signal filter, DC bias and input E -probe. Figure 6
shows the three-dimensional

the doubler in HFSS.

(3D) structure model of

.
170 GHz filier 45 F 4 it E-prabe

f| / = WROS

Clutput E-probe
AR

Fig.6 Three-dimensional structure model of doubler in HFSS

In order to get the efficiency of simulation for
multiplier, the data with the SNP files format obtained
from HFSS into ADS
harmonic balance analysis circuit.

simulation are imported

During the optimization, the bias voltage and the
impedance of input and output port have a great
influence to the efficiency of the doubler. The higher
negative voltage will make the narrower the bandwidth
and unmatched impedance will have a greater impact
on efficiency and center frequency. For validating the
accuracy of the model and developing the high
bandwidth frequency doubler, 0 V bias voltage and
70 Q input and 50 ) output impedance are adopted.
The relation curve of the frequency doubling
efficiency and 20 dBm input power at 160-180 GHz is

shown Fig.7.
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Fig.7 Simulation efficiency and output power of frequency doubler

4 Measurements and results

For the measurements, a commercial signal
generator was used to driver an amplifier with max
output power of 2W at 39.5-45. Then through the two
multipliers driver chain, a max output power 156 mW
signal was got at 160-180 GHz, and this signal was
used to driver 340 GHz doubler. For the

temperature measurements, a calibrated WR10-WR2.8

room-

was used to connect tested multiplier and PM power
detector. Figure 8 has shown the measurements chain
and the multiplier structure.

The measured results of 340 GHz multiplier is
shown at room temperature in Figure 9. The measured

results include four caves: Figure 9 (a) shows the
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Fig.8 Measurements chain and structure of multiplier

efficiency in experiment and simulation and Fig.9 (b)
shows the output and input power in experiment. The
input power was 100-160 mW from 165.5-166 GHz
and 167-177 GHz. The measured output power was
1 mW in the band 320.5-321 GHz, 332-334.5 GHz
and 336.5-356 GHz, the low driver power caused the

2.54%, and the simulation efficiency is 3.36% at the
same frequency point. In order to prove the output
spectrum is local at 340 GHz, the 340 GHz receiver
and 340 GHz band pass filter were used.

5 Conclusion

In recent years, there were tremendous progress
in the modeling and fabrication of the frequency
doubler at THz wavelengths for using simulation tools
like HFSS and ADS. This multiplier with its driver
forms a 340 GHz 2 x2x2 multiplier chain, and the
max output power is about 3 mW. Efficiency of
experiment have the similar trend with simulation test
curve: mutilation efficiency is higher at around of
165 GHz, at intermediate bandwidth changes gently
and the higher frequency is lower. The successful
design of 340 GHz multiplier shows the simulation
modeling and fabrication can be applied to the THz
wavelengths, the next work is using this method to
design a high efficiency doublers with matching.
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