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Millimeter-wave balanced mixer based on
a novel wide-band Schottky diode model

MOU Jin-Chao, LV Xin, YU Wei-Hua
(School of Information and Electronics, Beijing Institute of Technology, Beijing 100081 ,China)

Abstract: A Schottky diode model for the mixer’s design is presented in this paper. According to the physical structure of
the Schottky diode, a novel 3D electromagnetic (EM) model was built and analyzed by finite element method. A wide-band
equivalent circuit up to 110 GHz was proposed taking the parasitic effects distributed in the diode into account. Based on
the proposed equivalent circuit, a Ka-band balanced mixer was designed and optimized. The measured conversion loss is
7.5 dB to 10 dB from 32 GHz to 37 GHz, which agreed well with the simulated one.
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Introduction

Millimeter wave ( MMW ) and Sub-Millimeter
wave (SMMW ) imaging systems have many advanta-
ges, such as higher spatial resolution with the same an-
tenna aperture compared to microwave imaging systems
and the ability to work in low visibility conditions com-
pared to infrared or optical imaging systems. For MMW
and SMMW imaging systems, heterodyne receiver is a
good choice, where the mixer is one of the most impor-
tant components. It combines the input radio frequency
(RF) signal and the local oscillating (LO) signal to

produce an intermediate frequency (IF) signal, which
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is a nonlinear process realized by nonlinear devices'" .

Among the nonlinear devices in MMW and
SMMW mixers, such as superconductor insulator su-
perconductor ( SIS) junctions'®’ and hot electron bo-
lometers (HEBs) "' | Schottky barrier diodes ( SBDs)
are fascinating due to the merits of low turn-on voltage
and high response speed as well as easy fabrication and

) Thus they are

non-cryogenic condition requirement
widely used in mixers and detectors'**’. At MMW
band, the performance of the Schottky diode can not be
described by the classic equivalent circuit accurately
because all the parasitic reactive elements are simply

represented by a total shunt capacitance. One solution
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is to study the high frequency effects distributed in the
Schottky diode and build an equivalent circuit taking
all the parasitic elements into account. Instead of tes-
ting, a 3D EM model is analyzed by finite element
method (FEM) and a wide-band equivalent circuit up
to 110 GHz is built. Based on the proposed equivalent

circuit, a Ka-band balanced mixer is designed and
measured, the minimum conversion loss of which is
7.5 dB.

1 Schottky Diode and its Model

Fig. 1 illustrates the physical structure of the stud-
ied Schottky diode S0130 from Beijing Institute of Tech-
. The semi-insulating (S.1.) GaAs layer is
The epitaxial GaAs

nology'®
used as the SBD’
structure consists of a thick, heavily doped layer (n +
GaAs) with a thin, lightly doped layer (n-GaAs) on
its top. The anode formed on the n-GaAs layer leads to

s substrate.

Schottky contact and the cathode pad formed on the n
+ GaAs layer results in ohmic contact. A finger is in-
troduced to connect the anode and the anode pad, un-
der which is an etched trench to reduce the parasitic
capacitance between pads effectively. A silicon dioxide
(Si0,) layer on the top of the n-GaAs layer provides
passivation and insulation. The detailed physical pa-

rameters of the Schottky diode are listed in Table. 1.

Table 1 Physical parameters of the studied SBD
x1 FARHEEE-_REVESH

Parameter Value
n-GaAs Layer’ s Thickness/um 0.1
n — GaAs Layer’ s Doping density/cm =3 4E16
n + GaAs Layer’ s Thickness/um 3
n + GaAs Layer’ s Doping density/cm =3 3E18
S. 1. GaAs Layer’ s Thickness/um 100
Trench Width/um 30
Anode Diameter/um 1.5

Anode Pad Anode finger

Anode Cathode Pad

Trench

Fig.1 Physical structure of the SBD S0130
Kl 1 SBDSO130 (14 3ty

The current-voltage ( I-V) characteristic of the
Schottky diode satisfies the following relationship"’’

I—I[exp(q(v ]R)) 1] s (1)

where R_is the series resistance; T is the physical tem-
perature of the diode; n is the ideality factor and
equals to 1 for an ideal diode; £ is Boltzmann con-

stant; [ is the saturation current; ¢ is the electric

charge. According to the measured I-V curve plotted in
Fig.2, R, =20 Q, n=1.09, [, =9.8E - 16 A, and
the reverse break down voltage V,, =9.2 V@20 pA
are extracted.

The classic equivalent circuit of the Schottky
diode is shown in Fig.3. The desired mixing occurs in
the nonlinear junction resistanceR; (v). The series
resistance R, junction capacitance C;(v) and shunt
capacitance C, are parasitic elements degrading the
diode’ s performance. The series resistance R, consists
of metal loss as well as all resistances between the edge
of the depletion region and the ohmic contact. The
junction capacitance C;(v) is voltage dependent and
consists of the capacitance due to the depletion region
and the capacitance resulting from the fringing fields
around the anode. The shunt capacitance C, represents
the total reactive parasitic effects of the diode excluding
C;, which is inherent in all planar diodes due to the
distributed fringing fields and determined by the
diode’ s geometry. The junction resistance R; could be
obtained by

R/(”’i(””:q(i(zk%m , (2)

However, the classic equivalent circuit is too sim-

ple to reflect all the parasitic effects distributed in each
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Fig.2 Measured I-V curve of S0130
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Fig.3 Classic equivalent circuit of the Schottky diode
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Fig.4 Improved equivalent circuit of the Schottky diode
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section and can not describe the phase accurately,
especially in MMW and SMMW bands, which are criti-
cal for mixers’ design. To solve this problem, an im-
proved equivalent circuit shown in Fig. 4 is established
according to the electromagnetic fields distributing in
the SBD, taking all the parasitic effects into account.
C,, represents the fringing fields between the pads;

T-network A
discontinuity of the anode pad and the cathode pad

and T-network B stem from the
respectively; € is the capacitance due to the fringing
field of the finger and the finger is modeled as an
inductor L.

To extract the equivalent elements, a lossless 3D
EM model is built according to the diode’ s physical
structure, as shown in Fig. 5. Some equivalent settings
are introduced for 3D EM modeling, as summarized in
Table. 2. The n-layer is divided into two sub-layers; a
dielectric layer followed by a conducting layer. The
thickness of the dielectric layer equals to the width of the

depletion region in the n-GaAs layer, determined by'”’

2g.89 kT
% V TV X < tn— als
X, = [\/q]\n—cm-( R T » (3)

[n - GaAs Xd 2 tu—(}a/ls

where N, .., and ¢, _.,. are the doping density and
thickness of the n-GaAs layer respectively. The 3D
model under the zero-bias condition is calculated using
finite element method and the S-parameters are given

in Fig. 6. All the reactance components including C;

aathode Pad

Si —Depleted
n: s Layer
pleted n-GaAs L

nﬂaﬁLa er

S.1.GaAs

(®)

Fig.5 3D EM model of the SBD S0130
El5 SBDO130 1) =4k i 5 Al

can be extracted from the EM analyzed resulis, and the
extracted reactance parameters are listed in Table. 3.
The S-parameters of the equivalent circuit excluding R;
and R, are also plotted in Fig. 6, which agree well with
the EM simulated ones up to 110 GHz.

Table 2 Equivalent settings of the SBD’ s EM model
x2 SBD B#EEEFRE

Region Material used in HFSS

GaAs with a thickness of X, &, =
depleted n-GaAs layer 12.9

n + GaAs layer & undepleted n-
perfect conductor
GaAs layer

perfect conductor
GaAs, g, =12.9

Silicon Dioxide, ¢, =4

pads and finger
S. 1. GaAs substrate
S10, layer

In order to show the validity of the proposed mod-
el, the studied SBD with its test structures is fabricated
using GaAs process. A Cascade’s probe station togeth-

er with a HP 8510C network analyzer (up to 40 GHz)
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Fig.6 S-parameters of the SBD S0130 from EM based model
and its equivalent circuit excluding R; and R,
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is used for S-parameter measurement. The thru-reflect-
line (TRL) de-embedding technique''® is adopted to
obtain the de-embedded S-parameters of the Schottky
diode.

and circuit-based S-parameters,

Fig. 7 shows the comparison of the measured
both the amplitude
and the phase of the measured S-parameters agree well

with the simulated ones.

Table 3 Extracted parasitic reactance elements

£3 REHFERMETH

c,/F c,/tF La/pH  Lo/pH Ly/nH
11.47 25.76 17.48 24.26 2
C,/fF L./pH  L,/pH Cp/fF C/fF
29.9 62 27.17 3.5 1.3

2 Design and Realization of the Mixer

Fig. 8 shows the topology of the designed balanced

(1]

mixer two band

, consisting of a rat-race coupler,
pass filters (BPFs) , a low pass filter (LPF) and two
Schottky diodes. The substrate used is Rogers 5880
with the thickness of 0.254 mm and the relative dielec-
tric constant of 2. 2.

The rat-race coupler consists of four A/4 arms and
a A/2 section, where A is the wavelength on the mi-
crostrip line at 35 GHz. The simulated results are illus-
trated in Fig. 9.

The RF BPF and LO BPF are used to prevent IF
leakage into the RF port and LO port respectively, both
of which use five-order parallel coupled lines. The
center frequency of the two BPFs is 35 GHz with the
bandwidth of 10 GHz. The simulated results of the two
BPFs are shown in Fig. 10. The function of the LPF at
the IF port is to provide isolation between the IF port

A five-order

and the RF port as well as the LO port.
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Fig. 7  Comparison between the measured S-parameters and
the circuit-based ones
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Fig.8 Topology of the 180° balanced mixer
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Fig.9 Simulated S-parameters of the rat-race coupler
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hammer head LPF'®
band, as shown in Fig. 11.

is used for good rejection at Ka

The total mixer is analyzed using harmonic bal-
ance simulator in Agilent’ s ADS, where the Schottky
diode model consists of an intrinsic diode and parasitic
elements as shown in Fig. 12. By tuning the length of
the microstrip lines between diodes and the rat-race
coupler, the conversion loss L, could be optimized,
which is defined as

avail
PRF

= 10l ) (aB) (1)

S-parameters/dB

5 15 20 25 30 35 40
Frequency/GHz

Fig. 10  Simulated S-parameters of the BPFs
K10 A sg AR S 25
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S-parameter/dB
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Fig. 11 Simulated S-parameters of the LPF
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Fig. 12 Diode model in ADS
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P is the available RF input power and P, is the IF
output power.

The optimized mixer was fabricated using lithogra-
phy technology. An E8363B vector network analyzer is
used for S-parameter measurement and the measured
results are shown in Fig. 13. Two E8257D signal gen-
erators and one E4447A spectrum analyzer are used for
conversion loss measurement. Under the LO input pow-
er of 10 dBm, the conversion loss is 7.5 dB to 10 dB
from 32 GHz to 37 GHz with IF fixed at 1 GHz, as
shown in Fig. 14. The measured results show good a-
greement with the simulated ones, implying the validity

of the proposed diode model.
3 Conclusion

The key device in a mixer is the Schottky diode
for creating new frequency components, whose accurate
model is crucial for mixer design. According to the
SBD’ s physical structure, a 3D EM model was built
and a wide-band equivalent circuit up to 110 GHz was
proposed. Based on the equivalent circuit, a Ka-band
balanced mixer was designed and fabricated. The
measured conversion loss is less than 10 dB over the

frequency range from 32 GHz to 37 GHz, which agrees

Frequency/GHz
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Fig. 13 Measured S11 of RF port, LO port, IF port, respec-
tively
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Fig. 14  Conversion loss of the balanced mixer and its photo-

graph
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well with the simulated one, showing the validity of the

proposed model.
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