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Abstract: In order to improve the bandwidth of the
a broad-band, high

intermediate frequency (IF) sub-harmonic mixer for W-band

conventional sub-harmonic mixer,
applications is proposed. Replacing the open and short stubs
that are used in the convertional sub-harmonic mixer with a
broad-band band-pass filter and a low-pass filter, respectively,
a wide operating frequency band is achieved. Furthermore,
without the use of the edge-coupled band-pass filter at radio
frequency(RF) port, the proposed structure can be realized by
common hybrid microwave integrated circuit technology at W-
band. The measured results show that the proposed sub-
harmonic mixer can operate from 80 to 107.5 GHz for RF
frequency and support up to 18 GHz for the IF bandwidth.
Also, the measured results show that the single-sideband
conversion loss is less than 13.7 dB over the available RF
frequency band, while the minimum conversion loss is about 9
dB at an RF of 92. 5 GHz and an IF of 3 GHz. Thus, a large
operating bandwidth performance at W-band can be achieved
by the proposed mixer.
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A s we have known, sub-harmonic mixers are widely
used in the millimeter-wave system. Compared
with the fundamental mixer, the most outstanding charac-
teristic of the sub-harmonic mixer is reducing the de-
mands on the LO source, which is very useful in millime-
ter-wave band. In addition, by using anti-parallel diode
pair (APDP), the sub-harmonic mixer has many other at-
tractive advantages, such as better RF-to-LO isolation,
simple RF diplexing, and inherent LO noise suppression.

Millimeter-wave sub-harmonic mixers in bilateral fin-
line or waveguide have been reported in much litera-
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. Those mixers achieve a low conversion loss,
which is comparable with the conversion loss of the fun-
However, their

make them unsuitable for integrating with other planar cir-

damental mixers. inherent structures
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cuits, such as low noise amplifier (LNA), LO multipli-
er, to form a compact transceiver. In the past decades,
many sub-harmonic mixers in form of monolithic micro-
wave integrated circuit (MMIC) for millimeter-wave ap-
plications have been reported”™. However, to the au-
thors’ knowledge, commercial MMIC sub-harmonic mix-
ers for W-band applications are not yet available. On the
other hand, the development of a customized MMIC mix-
er tailored to the specific requirements for a particular
practical application is a time-consuming and expensive
task. In these instances, full planar microstrip hybrid mi-
crowave integrated circuit ( MIC) mixer employing dis-
crete diodes can achieve high-level system performance
and better cost effectiveness beyond what is possible using
MMIC devices.

The most important part in the design of a sub-harmon-
ic mixer is to provide suitable terminations at both ends of
the APDP for the RF, LO and IF signals. In the conven-
tional sub-harmonic mixer configuration'”, open and
short stubs are used to provide return pass for the RF,
LO, and IF signals and form port-to-port isolation. How-
ever, as the operating bandwidth ( either RF or IF band-
width) increases, the condition provided in Ref. [6] is no
longer satisfied, which can result in the performance dete-
rioration of the conventional sub-harmonic mixer. On the
other hand, it is hard to realize the edge-coupled band-
pass filter which is commonly used in the conventional
sub-harmonic mixer with a common microstrip fabrication
process at W-band.

In this paper, we develop a broad-band sub-harmonic
mixer for W-band applications by exploiting standard mi-
crostrip hybrid MIC technology. A novel embedding net-
work is proposed for the broad-band W-band sub-harmon-
ic mixer design. CAD tools are used for simulating and
optimizing the performance of the mixer. The measure-
ment results show that the proposed mixer achieves a con-
version loss of 9 to 13.7 dB over the 80 to 107.5 GHz
frequency band. The simultaneous IF bandwidth of the
proposed sub-harmonic mixer can be up to 18 GHz,
which is essential for the broad-band millimeter-wave sys-
tem applications.

1 Circuit Configuration

The circuit configuration of the proposed sub-harmonic
mixer is shown in Fig. 1. It consists of an APDP, a low-
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pass filter, a band-pass filter, and a diplexer. The RF
signal is applied from the left side of the APDP. The LO
signal is applied from the right side of the APDP, while
the IF signal is taken out from the right side of the AP-
DP. The diplexer is employed to separate the LO signal
and IF signal from each other. A band-pass filter using
A/4 shunt stubs and A/4 connecting lines is adopted to
provide a wide pass band for the RF signal and a stop
band for the LO and IF signals. Choosing the length of
the transmission line ML, properly, a short-circuited ter-
minal for the LO and IF signals at the left side of the AP-
DP can be achieved. The band-pass filter also provides a
return path for the DC signal that results in the unbalance
of the APDP. On the right side of the APDP, the low-pass
filter is used to reject the RF signal and pass the LO and IF
signals with low insertion loss. Inserting a transmission
line (ML,) of proper length, the low-pass filter provides a
short-circuited terminal on the right side of the APDP for
the return path of the RF signal applied to the diode pair.

Fig.1 Circuit configuration of proposed sub-harmonic mixer

The diplexer consists of a hammer head low-pass filter
and an edge-coupled band-pass filter. For broad-band
edge-coupled band-pass filers, the coupling at the end
section is very tight so that the gaps become physically
unrealistic!”’ . To alleviate this problem, a stepped imped-
ance resonator ( SIR) with an uncoupled end is used in
the edge-coupled band-pass filter, as shown in Fig. 1. To
achieve a high cut-off frequency of the hammer head low-
pass filter, the capacitance introduced by the SIR is ab-
sorbed into the hammer head low-pass filter. The diplexer
is simulated and optimized by Ansoft HFSS. The simula-
tion results are shown in Fig. 2. Port 1, 2 and 3 corre-
spond to the common, LO and IF port, respectively. The
substrate used in the simulation is 5-mil-thick Rogers RT/
duroid 5880). As Fig. 2 shows, the cut-off frequency of
the hammer head low-pass filter is about 18 GHz and the
band width of the edge-coupled filter is about 6. 5 GHz at
the center frequency of 43 GHz.

The band-pass filter using A/4 shunt stubs and A/4
connecting lines is designed by the equations given in
Ref. [8]. The pass band of the filter is chosen from 75 to
160 GHz. Its performance is optimized by Ansoft HFSS
over the frequency band of 80 to 100 GHz which is the
RF frequency band we are interested in. Many types of
low-pass filters can be used for designing the proposed
mixer. However, as the insertion loss and the fabricating
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Fig.2 Simulated frequency response of the diplexer

complexity are concerned, an open circuited stubs low-
pass filter is used in this paper. The cut-off frequency of
the low-pass filter is set at 50 GHz and the rejected band
is from 80 to 120 GHz.

The diode pair used here is a commercial GaAs Schott-
ky barrier flip-chip diode, whose part number is
DMK?2308 from Skyworks, Inc. Parameters of the diode
are given in Tab. 1. As the cut-off frequency of the diode
is about 455 GHz, it may cause a little performance deg-
radation of the mixer at W-band. In order to determine
the effect of the diode packaging, the diode chip structure
is modeled by Ansoft HFSS according to the coaxial
probe method presented by Hesler'”, and 4-port S-param-
eters are calculated to represent the effect of the diode
packaging.

Tab.1 Parameters of DMK2308 (per junction)

Co/PF C,/pPF I/A  R/Q n  ¢éy/V f/GHz

0.05 0.02 0.5x10°" 7 1.05 0.82 455

The complete mixer circuit is simulated by the harmon-
ic-balance analysis module of the Agilent Advanced De-
sign System (ADS). The frequency response of the pas-
sive elements discussed above is represented by S-parame-
ters, which are calculated by Ansoft HFSS, and imported
to ADS as an sNp file. Then, the lengths of microstrip
are added to the circuit to connect those sNp modules ac-
cording to the schematic of the proposed mixer. The per-
formance of the mixer is optimized by tuning the length
of the microstrip line.

The proposed mixer is designed and fabricated using 5-
mil-thick RT/duroid 5880 substrate (e, = 2.2) and
mounted in a splited copper housing, as shown in Fig. 3.
A large ground plane is placed on the signal layer to pro-
vide a perfect grounding for the band-pass filter. In order
to match the interfaces with the test system, the RF port
and LO port are WR-10 and WR-22 waveguide, respec-
tively, and the IF port is subminiature A (SMA) coaxial
connector. The RF signal is transferred from the
waveguide to the microstrip by utilizing a waveguide-fin-
line-microstrip transition which introduces an insertion
loss of approximately 0. 7 dB. The LO signal is coupled
from the waveguide by means of an E-plane probe whose
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insertion loss is about 0. 5 dB.

L
0 9

iem 2 3 4 5 6 7 8

Fig.3 Photograph of the fabricated sub-harmonic mixer

2 Results and Discussion

The down-conversion loss of the proposed sub-harmon-
ic mixer is measured. An Agilent signal generator
E8267C with a millimeter-wave source module is used to
provide the RF signal over the frequency range of 75 to
110 GHz. An active frequency doubler driven by an Agi-
lent signal generator E8257D is used to provide LO signal
from 40 to 48 GHz. The output power of the frequency
doubler is calibrated with a power meter. The IF output
power is measured using an Agilent E4440A spectrum an-
alyzer whose power display is calibrated with a power
meter.

Fig. 4 illustrates the measured down-conversion loss of
the mixer as a function of RF frequency. The measure-
ments are done with an LO frequency fixed at 43 GHz
and an LO power of 13 dBm. The conversion loss of
10. 7 to 13 dB ( the insertion loss of waveguide-finline-
microstrip is calibrated out) is observed within an RF
bandwidth from 80 to 104 GHz, which means that the
simultaneous IF bandwidth of the mixer can be up to 18
GHz. A comparison between simulated and measured re-
sults is also shown in Fig. 4 and a good agreement is ob-
served. A little difference between the measurement and
simulation may be caused by the fabrication errors.
Measured conversion loss vs. RF frequency with IF fre-
quency fixed at 3 GHz and 12 GHz are shown in Fig. 5.
With the LO power level of 13 dBm, a conversion loss
less than 13. 5 dB from 83 to 99 GHz with IF fixed at 3
GHz and a minimum conversion loss about 9 dB at a RF
of 92.5 GHz can be seen from Fig. 5. Furthermore, a
conversion loss of 10.7 to 13.7 dB from 92 to 107.5
GHz with IF fixed at 12 GHz can also be seen from Fig.
5. Fig. 6 shows the dependence of conversion loss on
LO power. Limited by the output power of the frequen-
cy doubler, the measured result is given only up to 13
dBm. Simulations show that the conversion loss is weak-
ly dependent on LO power when the LO power level is
over than 13 dBm.

Comparisons of the proposed sub-harmonic mixer with
other similar published works''"" are summarized in
Tab. 2. The results show that the performance of our pro-
posed sub-harmonic mixer is comparable to the best perf-
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ormance of similar mixers published so far. Moreover, if
a diode pair with higher cut-off frequency is used in the
proposed mixer, its performance can be better. As the
common PCB technology and commercial schottky diode
pair are employed in the proposed mixer, its cost is low.
Compared with the mixer presented in Refs. [ 12 —13],
which also employs the microstrip hybrid MIC technolo-
gy, the mixer proposed in this paper shows better per-
formance.

3 Conclusion

A sub-harmonic mixer has been realized for W-band
applications by using microstrip hybrid MIC technology.
Replacing the open and short stubs that are used in the
convertional sub-harmonic mixer with a band-pass filter
and a low-pass filter, respectively, a wide operating freq-
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Tab.2 Comparison of published sub-harmonic mixers

Cut-off frequency

RF frequency/GHz IF frequency/GHz  Conversion loss/dB Diode type of the diode/GHz Technology Reference
78 to 114 DC to 18 10 to 14 HEMT diode pair 350 Microstrip MMIC Ref. [3]

75 to0 90 DCto 11.5 11 to 15 Schottky diode pair N/A CPW MMIC Ref. [4]

83 to 97 2to4 7 to 10 Schottky diode pair 1500 CPW MLMS Ref. [10]

81 to 86 11 to 16 12 to 15 Schottky diode pair 2 000 Microstrip MLMS Ref. [11]

90 to 95 DCto2.6 11.3 to 15 Schottky diode pair 500 Microstrip hybrid MIC ~ Ref. [12]

92 to 96 0.07 12. 8 to 14 (simulated) Schottky diode pair 455 Microstrip hybrid MIC ~ Ref. [13]

80 to 107.5 DC to 18 9to13.7 Schottky diode pair 455 Microstrip hybrid MIC  This work

uency band is achieved. Measurements show that the per-
formance of the proposed sub-harmonic mixer is compara-
ble to the best performance of similar mixers published so
far. Meanwhile, the proposed mixer maintains a low cost
property. Furthermore,
mixer is purely a planar circuit, it can be easily integrated

as the proposed sub-harmonic

with other planar circuits to obtain a high-performance,
low-cost, compact millimeter-wave front-end.
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