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Short Papers

Monolithic Rat-Race Mixers for Millimeter Waves

Hiroyuki Matsuura, Kentaro Tezuka, Ikuro Aoki, Mineo Yamanaka,
Shinji Kobayashi, Tadashige Fujita, and Akira Miura
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Abstract—n this paper, we report on fully monolithic millimeter-wave
Schottky-barrier diode (SBD) down-converters with an IF amplifier using Diode
heterojunction bipolar transistors (HBT’s). A rat-race circuit is used for bias °
the mixer, and is analyzed using a harmonic-balance simulator. The
measured conversion gain and the isolation are 7.1 and 29 dB in the
V'-band design, and 8.0 and 25 dB in thdl -band design, respectively.
The conversion gains are well matched with the circuit simulation.
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Recently, several applications in the millimeter-wave frequency
range (e.g., an automobile collision-avoidance radar and a wireléig 1. Schematic of the monolithic down-converter.
local-area network system) are being developed by a number of
organizations. The monolithic microwave integrated circuit (MMIC)

technology is very important not only for these applications, but TABLE |
also for measuring instruments in this frequency range. A high- SUMMARY OF THE DOWN-CONVERTERS
performance low-cost measuring instrument in the millimeter-waveattern V-Band 1 v-Band 2 W-Band 1 W-Band 2
frequency range will contribute to making these applications realistigiame
A frequency down-converter technology described in this papeff 1@ Q Q P
can be used as a front-end module of a millimeter-wave spectrurg‘;,";nectlon 550 7m 550 7m 300 50
analyzer. length
We have already reported the monolithi¢-band frequency down- Diode size [2.1 pm 2.1 um 2.1 pm 2.1 pm
converters using Schottky-barrier diodes (SBD’s) and heterojunctian. i X 5 pm x 10 pm x5 pm x 5 pm
bipolar transistors (HBT's) [1]. In this paper, we show the C(.)nsidelrag;gs:r:i:z 1612 ZB 17“1) XB 1743 :;B 1843 ZB
tion of theW -band circuit design, and the performance of this devicg;ain
combination forV -band down-converters. Leakage -22 dB -29 dB —24 @B -25 dB
(LO-RF)
RF signal 62 GHz / -4.5 dBm 94 GHz / -8 dBm
II. CIRCUIT CONFIGURATION LO signal 60.9 GHz / +10.5 dBm 93 GHz / +6 dBm

Fig. 1 shows a schematic of the down-converter. The mixer section
uses a rat-race and two SBD’s. A rat-race circuit has four ports that
match 5052, thus we assigned one each to the LO signal, the Rising different diode sizes. Thus, we have designed four patterns
signal, and two diodes. An IF signal with a frequency lower thaef down-converters (these specifications are given in Table I, with
that of the LO and RF signals can be derived from any point on theeasured values). The dimensions of thef%7@eplanar waveguide
rat-race circuit. One method of connecting the IF line is via the REEPW) used in the rat-race are a center conductor width ofirh6
port on the rat-race circuit with a low-pass filter [2]. The IF line camnd a ground-to-ground spacing of g4n.
also be connected at the mixing diodes of the rat-race circuit [3]-[5]. All the mixers include a 502 quarter-wavelength CPW with a
In [6], the IF port is connected on the opposite side of the RF pahunt capacitor at the IF port on the rat-race circuit for filtering
on the rat-race circuit (poinf) in Fig. 1). Another choice for the out the RF and LO signals. This filtering circuit acts as a high-
connection is pointP in Fig. 1, because the isolation from the LOimpedance element at millimeter-wave frequency, so there was no
port to the RF port is good. Poir? is two quarter-wavelengths andinfluence of the filter on the characteristics of the rat-race in the
four quarter-wavelengths from both the LO and RF ports. Therefordgsign. We connected an HBT IF amplifier next to the filter.
the RF and LO signals are canceled out at pdintThus, there are  We used a circuit simulator to confirm the conversion loss of the
two ways of designing?-band down-converters. IFi-band design, mixer. The result of a harmonic-balance simulator (HP MDS) is
we connected the IF port to poif} only, but designed two patterns shown in Fig. 2. The simulation was performed without the HBT IF
amplifier to focus on the rat-race mixer only. The circuit parameters of
Manuscript received October 15, 1997: revised March 4, 1998. the rat-race partin Fig. 1, and the dmensmn of the_ transmlssmp-llnes
The authors are with Teratec Corporation, Musashino, Tokyo 180—875?{'0Wn above are used for the SImu.Iatlon. The applied frequencies and
Japan. the power of the RF port of the mixer are the same values as those
Publisher Item Identifier S 0018-9480(98)04048-4. in the experiment.
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Fig. 3. Photograph of th& -band down-converter. Lower left: LO signal.
Upper left: dc bias. Top: RF signal. Right: IF signal. Chip size: 1.0 mm

2.0 mm.
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Fig. 2. Result of circuit simulation. (d) -band rat-race mixer. ()}’ -band Fig. 4. Measured diode bias versus conversion gelirb@nd).
rat-race mixer.
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In Fig. 2, the horizontal axis is the dc bias voltage of the mixing e s um doce

diodes, and the vertical axis is the conversion gain. Each trace
indicates the LO power from O t¢10 dBm in 2-dBm steps. Bot -

and W-band circuits have the best conversion gain, arosi8ddB,
under the condition of proper bias voltage, from around 1.2 to 1.6 V.
The larger LO power provides a better conversion gain at the lower
or higher bias voltage region. Therefore, the results show that the
conversion gain is not influenced by the change of the LO power
under the proper SBD bias condition. Generally, the low-power LO
is advantageous for a MMIC system in the millimeter-wave frequency
range, therefore, the importance of the diode bias is confirmed from
this circuit simulation. Incidentally, the simulation of the isolation
characteristics is very difficult because of the stray devices. Therefor#: 5. Measured diode bias versus leakageband).
we show the measured result only for the and thel¥/-bands.

LO-RF Leukage [dB]
; N o
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|
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diode (“-Band 1). In the case of using the small diodes, the leakage
is degraded to-22 dB, due to the impedance mismatch of the rat-
The integrated circuits (IC’s) are fabricated on a 4-in GaAs wafeace circuit. However, the conversion gain 6fBand 1 is 6.7 dB,
[1]. An HBT with fr = 50 GHz and fuax = 50 GHz uses an which is almost the same as that of the down-converter with the
AlGaAs/GaAs system. The SBD is realized at the collector laydarge diodes. Therefore, the large diodes are better for this frequency
with a cutoff frequency ofF. = 1.3 THz. The size of the diode is than the small diodes. However, for thié-band frequency, the small
2.1 pum x 5 um for the W-band mixer [1]. For thd”-band mixer, diodes are better when comparing the conversion gain [1].
we designed two chips with small diodes (2:In x 5 pm) and The HBT IF amplifier has a 14.5-dB gain at the IF frequency of
large diodes (2.1um x 10 pxm). Fig. 3 shows the photograph of1l GHz. The conversion gain of the rat-race part, calculated from the
the VV-band down-converter. The pattern of tHé&-band converter is total gain 6.7 dB, and the gain of the IF amplifier4¥.8 dB. It is
similar to theV -band one. almost the same as that in Fig. 2(b). In addition, the shapes of the
The summary of the measured results is shown in Table I. Figslides in Fig. 2(a) and in Fig. 4 are similar. From a comparison of these
and 5 show the conversion gain and the LO-RF leakage dftheand figures, the actual LO level is estimated to be between 8-10 dBm. The
down converter, respectively. THé-band down-converter with the LO level and RF level in thd -band were also measured using the
large diodes{-Band 2) has a 7.1-dB conversion gain and9-dB  spectrum analyzer and the harmonic mixer, therefore, there might be a
LO-RF leakage. We compared it to the down-converter with the smalleasuring error of the power. These results show the effectiveness of
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the circuit simulation that is shown in Fig. 2, and the suitable actiori7] I. Aoki, K. Tezuka, H. Matsuura, S. Kobayashi, T. Fujita, T. Yakihara,
of the actual MMIC’s. The conversion gain of th&-band down- EéttOkagl a;‘f ﬁ&, Nf')iura’ ‘fgs_(igz ﬁ\JSSAZSngBJQ gSCi”aIOFE"ﬂC”O”-
go(;“:jesrte‘:'ﬁ:;;;g?: fﬁ;'zr;;?;i (;(.Jnn.ecte.d at poift in Fig. 1) IS S[8] I. Aoki, K. Tezuka, H.pl\F/)Iatsuura, S. Kobayashi, T. Fujita, and A. Miura,

.0 dB. - - ircuit without the IF amplifier has ™ gy g1z AlGaAs HBT oscillator,” inIEEE 1996 GaAs IC Symp. Dig.,
a —6.5-dB conversion gain. We also measured another de$ign ( Orlando, FL, 1996, pp. 281-284.

Band 1; IF signal connected at poift in Fig. 1), and found its
conversion gain to be 7.7 dB. This is a comparable value within
measurement errors. The rat-race circuit without the IF amplifier has
a —6.8-dB conversion gain. These values are close to the estimated
value shown in Fig. 2(a). We think the errors mainly arise from the
power measurement of the millimeter-wave signal performed using a
spectrum analyzer with a harmonics mixer. The leakage from LO to
RF of W-Band 1 and/-Band 2 are-24 and—25 dB, respectively.

In conclusion, we can use either poift or @ in Fig. 1 as an IF
signal connecting point under a proper diode bias.

As compared to that of th&/-band down-converters, the con-
version gain of thel’-band down-converters is slightly lower. At apstract—A switchable multi-sector antenna for indoor wireless local-
first, we considered this to be due to the conductive loss of tlaeea network (LAN) systems in the 60-GHz band has been proposed.
CPW of the rat-race circuit, because the length of the CPW fépe antenna has a pyramidal configuration. Each isosceles-triangular

V-band down-converters is 1.67 times longer than thatifoband surface of the pyramid has been inclined 30 from the vertical axis
) in order to cover an appropriate elevation angle range. This antenna

down-converters. However, Fig. 2 shows that there is no significalifiites a right-handed circularly polarized wave to suppress unwanted
difference. We think that the difference comes from the error of thaultipath delayed waves. The low-loss curved microstrip-line feeding has
power measurement in the millimeter-wave range. been introduced at the junction between antenna feed lines and monolithic
microwave integrated circuit (MMIC) amplifiers at the bottoms of the
pyramid. Using this antenna, the terminal receiver for indoor wireless
LAN systems in the 60-GHz band has been developed.

A Switchable Multi-Sector Antenna for Indoor
Wireless LAN Systems in the 60-GHz Band

Yasushi Murakami, Toru Kijima, Hisao Iwasaki,
Toshio lhara, Takeshi Manabe, and Kyoichi ligusa

IV. CONCLUSION

We have described the millimeter-wave diode down-converters'”dex Terms—Curved microstrip lines, millimeter-wave LAN’s, multi-
. o S - t t , patch ant .

with an HBT amplifier. The combination of high cutoff SBD’s and>ccio" antenna, patch antennas

HBT’'s works very well as a high-frequency down-converter. This

combination can be used for the integration of other circuits such as an |. INTRODUCTION

HBT (.)SC'”ator [7], [8]. In "?“?'d'“or?' HBT’s’havg the ability of power Recently, demand for high-speed and large-capacity wireless local-
handling, so an LO amplifier using HBTS might be a good C.ho'C_Srea network (LAN) systems is growing. Millimeter-wave wireless
for the frequency converters_. We be!leve_ that the device Comb'nat'EﬂN’s are expected to achieve a data transmission rate as high as 156
can be used for many applications in this frequency range. Mb/s, which is compatible with asynchronous transfer mode (ATM)
cable networks.
ACKNOWLEDGMENT In Japan, the millimeter-wave band between 59.0-60.0-GHz
band has been allocated for use in developmental experiments
The authors would like to thank Dr. H. Nakamura and H. Hosdor millimeter-wave wireless LAN systems [1]. The effectiveness
matsu for their continuous encouragement and guidance. of the circular polarization and directive antennas to suppress
the unwanted multipath delayed waves [2], and the reflection and
transmission coefficients of typical structures in modern offices [3]
have been evaluated. These results indicate that the use of circular
[1] H. Matsuura, K. Tezuka, I. Aoki, A. Miura, M. Yamanaka, T. Yakihara,polarization can reduce the influence of single-bounce multipath
S. Kobayashi, S. Oka, T. Fuijita, and D. Murata, "A monolitficband  reflected waves experiencing single-bounce reflections, which are the
Eg\r,]\::irsactgagimfgewgz HsBS'IE';_Il;gagmphﬂer, MEEE MTT-S Dig.San  main contributors to deteriorating transmission quality. Shadowing
[2] Q. Xue and L. 'er’ “Novel rat-race mixer converts millimeter Waves’caused by human bodies is another important issue to be considered.
Microwaves RFpp. 127-128, Mar. 1995. The effects of shadowing to millimeter waves were discussed in [4].
[3] K. W. Chang, G. S. Dow, H. Wang, T. H. Chen, K. Tan, B. Allen, J.One of solutions to this problem is the implementation of macroscopic

Berenz, J. Wehling, and R. Lin, "AV-band single-chip transceiver for gjyersity, in which each remote terminal (RT) can communicate with

FMCW radar,” inlEEE Microwave Millimeter-Wave Monolithic Circuits

Symp. Dig.,.San Jose, CA, 1993, pp. 41-44. Manuscript received October 15, 1997; revised March 4, 1998. This work
[4] E. W. Lin, H. Wang, K. W. Chang, L. Tran, J. Cowles, T. Block,was supported under Communications and Information Systems Research

D. C. W. Lo, G. S. Dow, A. Oki, D. Streit, and B. R. Allen, “Monolithic Laboratories research and development project of millimeter-wave premises

millimeter-wave Schottky-diode-based frequency converters with losommunication systems.

drive requirements using an InP HBT-compatible process,1BEE Y. Murakami and H. lwasaki are with Communications and Information

GaAs IC Symp. Dig.San Diego, CA, 1995, pp. 218-221. Systems Research Laboratories, Research and Development Center, Toshiba
[5] T.N. Ton, T. H. Chen, K. W. Chang, H. Wang, K. L. Tan, G. S. Dow,Corporation, Kawasaki 210, Japan (e-mail: murakami@csl.rdc.toshiba.co.jp).

G. M. Hayashibara, B. Allen, and J. Berenz, W-band monolithic T. Kijima is with Hino Works, Toshiba Corporation, Hino 191, Japan.

InGaAs/GaAs HEMT Schottky diode image reject mixer,THEE GaAs T. Ihara, T. Manabe, and K. ligusa are with the Communications Research

REFERENCES

IC Symp. Dig.Miami Beach, FL, 1992, pp. 63-66. Laboratories, Ministry of Posts and Telecommunications, Tokyo 184, Japan
[6] S.A.MaasMicrowave Mixers2nd ed. Norwood, MA: Artech House, (e-mail: manabe@crl.go.jp).
1993. Publisher Item Identifier S 0018-9480(98)04049-6.

0018-9480/98$10.00 1998 IEEE



