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Abstract—This paper proposes a concept for constructing low- conductor wafers and lead to cost reduction. They adopt thin
loss and small-size millimeter-wave RF front-end boards by using polyimide layers to form thin film microstrip lines (TFMS'’s).
a polyimide/alumina—ceramic multilayer configuration. The thick Their patterning flexibility on the semiconductor chip makes
polyimide layer enables us to design low-loss wide microstrip lines . . . . . . -
(MS's). Moreover, the board size can be reduced by compactly it possible to de5|gn_var|ous kinds of functional .CIrCUIt.S ar_ld
arranging all RF and dc lines in the intermediate layers of the 0 connect them within a small area, and results in fabrication
polyimide/alumina—ceramic substrate. The size of a prototype of multifunctional one-chip MMIC’s [3]. Nevertheless, it is
board designed for the quasi-millimeter-wave region is 30 mm (jfficult to integrate circuits fabricated by different device
; ngmn;;illn Feelé(pciﬂ?lﬁn;sc;v;;srnoggg S%Bife-rdl(BT;r)]egg (?Zma:dnd processes into one circuit module Igecause all unit circuits in
3.1-dB linear gain and —20.1-dBm P_, IF output power in & 3-D MMIC share the same semiconductor substrate. The
receiver (RX) mode. These performance levels agree well with ability to integrate different types of active devices improves

predicted values. This paper further discusses applications to the total circuit performance and increases the field of 3-D
the integration of passive circuits fabricated in the substrate. nmic technology applications.

The proposed configuration has enough potential to integrate all ltichi dule (MCM) technologies h b f d
monolithic microwave integrated circuit (MMIC) chips, dc-bias Multichip mo ue ( ) _ec nologies .ave een _OCUSE_'
integrated circuits (IC's), and passive circuits, and can improve ON as one promising technique for reducing transmit/receive
the total performance in terms of the RF characteristics, board (T/R) module cost, as reported in high-density microwave-

size, and fabrication cost. packaging (HDMP) program activities [4]-[7]. For cordless
Index Terms—Alumina ceramic, losses, millimeter-wave tech- and cellular terminals, the use of multilayer glass epoxy boards
nology, MMIC’s, multilayer, packaging, polyimide films. is a good solution for minimizing their size and fabrication

cost. However, their application to millimeter-wave substrates
incurs difficulties because of the line-loss which increases
o __in proportion to the frequency. Consequently, line-loss and
W'TH THE popularization of personal communicationsgjze reduction techniques suitable for millimeter-wave RF
/' the demand for higher bit-rate wireless communicatiofoqyle boards are required to build high-performance mobile
services is significantly increasing, and it necessitates MQEeminals. In [8], electrical characteristics of MCM materials
frequency bands than ever. For these systems, millimeter-waygo discussed: however, no comment was made on line-loss
frequencies are an attractive and abundant spectrum resoyfieeerties of transmission lines or on the size or fabrication

which allows us to employ wide-band radio communicatiog s of the modules produced by MCM technologies.
systems. However, millimeter-wave RF technologies still needIn this paper, we propose a concept for reducing line

further cultivation before application to practical CoNSUMS{Lcc and module size by using a polyimide/alumina—ceramic

products. The difficulties in developing millimeter-wave Sys’r"r)eultilayer configuration. Low-loss transmission lines can be

tems are the needs for low fabrication cost and for high-levlq atly patterned in the multilayered polyimide by using this

RFF perfro]rmqnce. qucti q1 le int tion. th configuration. DC-bias lines can be compactly arranged in
_or chip-sizeé reduction and large-scale Integration, regr, nermediate layer of the multilayered ceramic substrate.
dimensional (3-D) monolithic microwave integrated C'rcu'tﬁ’ganks to the ground plane inserted between polyimide and

(MMIC’s) and masterslice technologies have been PrOPOSEL amic layers, RF lines and dc-bias lines can be designed sep-

(1], [2]. These technologies enable mass production of S€MFately, and the interference between these lines can effectively

_ _ _ be suppressed. All MMIC's, voltage regulators, inverters,
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(b)

(d) (e)
Fig. 1. Examples of a variety of wide MS’s. (a) G1S3. (b) G1S4. (c) G1S5. (d) G3S5. (e) G3S1.

TABLE | TABLE I
COMPARISON OF MULTILAYER SUBSTRATE MATERIALS DIMENSIONS OF WIDE MS’s

Pl/ceramic Alumina | Glass Epoxy h (um) W (um)

Cost Good Good Excellent G1S3 50 88

RF performance (>10 GHz) Good Excellent Poor G184 75 150

Size Excellent Fair Good G185 100 220

Fine pattern Good Fair Good G385 50 100

Easy fabrication Fair Fair Excellent G3st 50 50

: oo _ ,side the ceramic substrate are patterned with screen printing
passive c_lrcun areas, which occupy ”?OS‘ parts of MMIC echniques, their resolution is coarser than that of photolithog-

This configuration IS ;qccessfully apphgd to the RF modu %phy. Moreover, these lines need to be made from cermets.
board for the quasi-millimeter-wave region. Since they have higher sheet resistance than the pure metals

Il. PROPERTIES OFPOLYIMIDE /ALUMINA —CERAMIC plated on the surface, only the lines on the surface of the
substrate are available for the low-loss RF lines at high-
A. Material Comparison frequency region. This causes limitations in pattern layout.

Glass epoxy and alumina ceramic are often used erPonimide./aIumina—ceramic inherits ad\{antages frpm mul-
the RF boards. We compared the properties of pmyl_ayer alumina substrates, ar!d can effe_ct!vely combine these
imide/alumina—ceramic with those of glass epoxy and alumiMgth the advantages of a multilayer polyimide structure. Since
ceramic. The results are summarized in Table 1. all transmission lines in multilayer polyimide can be fabricated

Glass epoxy is superior to other materials in terms of cddY Photolithography, low line-loss and fine patterning become
and ease of fabrication. This is the reason that glass epdgpgsible. In addition, other lines for dc biases can be fabricated
substrate is now widely adopted for many kinds of RF board§. the multilayer alumina—ceramic.

However, its RF performance degrades with an increase
frequency because of its large loss tangent [8]. Therefo
it is difficult to apply this substrate to RF boards for the Fig. 1 shows examples of a variety of wide microstrip
millimeter-wave range. lines (MS’s) which can be fabricated in the proposed poly-

When the transmission lines are formed on the alumina simide/alumina—ceramic configuration. Metal layers are indi-
face, they show excellent performance even in the millimeterated as thick solid lines. The dimensions for these wide MS’s
wave region thanks to the small loss tangent. Despite thlige shown in Table Il. They are distinguished by names of the
performance, they have drawbacks in size reduction and fileem Gn.Sm, wherer is the number for the ground plane and
patterning for RF lines. Multilayer alumina substrates ame is for metal layer. These numbers are counted from bottom
usually produced by a co-fired process. Because lines to-top layer. The thickness of each polyimide is 2%. The

I%n RF Performance of Wide Microstrip Lines
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Fig. 2. Loss comparison between wide MS, CPW, and TFMS. Fig. 4. Measured effective dielectric constant versus frequency.
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Fig. 5. Characteristic impedance versus frequency.
loss of the wide MS line®1.55) was measured and compared
with that of coplanar waveguide (CPW) on GaAs substrate and
TFMS (Fig. 2). The losses at 20 GHz for wide MS, TFMSand in the ceramic layer is tungsten. Between polyimide and
and CPW are 0.083, 0.34, and 0.22 dB/mm, respectively. Th&ramic layers, a ground plane is inserted to form the ground
wide MS has approximately 1/4 the loss of the TFMS, angr RF lines and to avoid interference between RF and dc-bias
this result shows its suitability for use as RF lines and passiyges. Owing to this ground plane, the transmission lines for

circuits. Fig. 3 shows the loss comparison between wide M- signals and dc-bias lines can be designed separately. MIM
shown in Fig. 1. All of these losses are better than CPW @@pacitors are also fabricated on this surface.

GaAs substrate, and they show quite low-loss performance. The polyimide layer is thick enough to allow the design

Measur_eo_l r_esults for the effective dielectric constanf[ argﬂl wider MS’s (linewidth >50 ;m) than TFMS’s (linewidth
characteristic impedance of wide M&155) are shown in 19_30,,m). The wide MS's are used as the RF signal lines
Figs. 4 and 5. Flat characteristics were obtained over the \yvics. Lines are sufficiently isolated from each other at
frequency range from 1 to 30 GHz. These results confirm thghy, frequency when spacing is at least three times as much as
they are usable over this frequency range. the substrate thickness [2]. The multilayer ceramic substrate
holds the MMIC’s on the polyimide-side surface, while on
the ceramic-side are other IC’s for the dc biases, such as
voltage regulators, dc—dc converters, RF-switch controllers,

The methods considered, for achieving low-loss and smagitc. Rectangular areas of the polyimide layer were removed
size boards with a polyimide/alumina—ceramic multilayer cot® open the mounting areas for MMIC’s. The MMIC'’s were
figuration are: 1) line loss reduction by using wide MS’sthen mounted on the ceramic surface with conductive paste.
2) size reduction by mounting all IC’'s on the surface of th&he thickness of these MMIC’'s was thinned to between
substrate and by arranging all lines three dimensionally; a®@0-150xm to adjust their height to be close to that of
3) circuit stabilization by using metal-insulator-metal (MIM}he polyimide surface. The dc-bias lines were formed on
capacitors fabricated on the ceramic substrate [9]. the ceramic surface or inside the ceramic substrate. One end

An example of the proposed configuration is shown iaf each dc-bias line was connected to the IC's for the dc
Fig. 6(a) and (b). The board consists of four 2®-thick biases at the ceramic surface. The other end was drawn to
polyimide layers and four 25pm-thick ceramic layers [10]. the top polyimide surface through a via-hole to be connected
The metal used in the polyimide layer isifa-thick copper, to the bias/control pads of the MMIC's. In order to stabilize

I1l. CONFIGURATION

A. Multilayer Polyimide/Alumina—Ceramic Board
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Fig. 8. Schematic circuit of the PHEMT LNA.

Transmission lines were used for the matching circuits. The

DC SUPPLY ﬁ chip size of the type-A buffer amplifier is 1.8 mm 1.3
5:7 mm. Fig. 7 shows the schematic circuit of the type-B buffer
VOLTAGE be be SWITCH amplifier, which adopts two GaAs MESFET's, each with a

REGULATOR CONVERTER CONTROLLER .
®) 2004um gatewidth and a 0.Am gate length. In order to
' o ' attain high gain with small chip size, this circuit employs a
Fig. 6. An example of proposed configuration (a) cross section and (scode FET with additional inductance [11], [12]. A meander
overview: inductor was used for this inductance. The chip size of the
type-B buffer amplifier is 0.8 mnx 0.8 mm. The PHEMT TX

circuit operation and to eliminate parasitic oscillation, MIM; mplifier was a commercially available MMIC (HMMC5618)
capacitors were formed on the alumina substrate surface, duced by Hewlett-Packatd.

they were connected to the dc-bias lines as bypass capacitorsy o receiver (RX) branch is composed of a PHEMT low
Al I|_nes were bonde_d to t_he MMIC’s with ng gold WIFES.  hoise amplifier (LNA) and a type-A buffer amplifier. The
RF lines were espeC|aIIy.t|ghtIy connected with some mlnlmainEMT LNA was designed for the first block amplifier in
length wires. The MS lines are converted to CPW's at thgs Ry pranch. Its schematic circuit is shown in Fig. 8. Two
points where MMIC pads are bonded to wide MS’s so as to EMT's, each of whose gatewidth is 10@n and gate
measured with on-wafer probing systems. Thus, performanqgﬁgth is 0.2um, were used in this LNA. The input stage was

before and after mounting MMIC chips are easily scrutinize&iesigned for low noise matching and the output-stage part for

with these structures. high gain matching. All matching circuits were composed of
B. RF MMIC Chips spiral inductors to reduce chip size. Parasitic elements in these
inductors were carefully considered through the circuit design

We constructed an RF board with some prototype MMI rocess. The chip size of this LNA is 0.88 nx0.88 mm.

chips, which are used to verify the board performance. A low- The mixer is a subharmonically pumped image-rejection

noise amplifier, an RF switch, and a T/R mixer were nengSB mixer usin : : - .
. : : . g antiparallel diodes [13], [14]. Since this
designed for this board, and all MMIC chips were de&gne&ine is a passive mixer, it can be used for an up and down

fothhhe 19'GH.Z ban_:_j).( b hi d of th G converter (DC). Fig. 9 shows the schematic circuit of the
e ransmitter (TX) branch is composed of three ixer. In order to minimize chip size, a Wilkinson divider

MESFET buffer amplifiers and a pseudomorphic hig nd a : :

. ' . guadrature hybrid were designed by lumped-element
electron-mobility transistor (PHEMT) TX amplifier. Two typestechniques [15]. CapacitoGxr andCy, are used to prevent
of buffer amplifier were designed. Type-A is a two-stage

common-source amplifier f’:ldopting two GaAs MESFET'S, 15445 Integrated Circuits, Data Sheets and Family Summatiesylett-
each with a 10Q:m gatewidth and a 0.3m gate length. Packard Co., pp. 2-27-2-32.
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Fig. 9. Schematic circuit of the image-rejection single sideband (SSB) mixer.

Fig. 11. Simplified equivalent circuit of the SPDT RF switch.

Fig. 10. Schematic circuit of the SPDT RF switch.

RF circuits
IF signal injection toward LO and RF ports. Asymmetrically
capacitance-loaded open-stubs, which have the same charac-
teristics of quarter-wavelength stub at fundamental and second
harmonic frequency, were newly designed. The stub was used
as a filter to suppress the LO level and to obtain 2LO signals.
Loaded capacitances§); and C», are calculated as

o :1/(27r X fLo X Z X tan 9)
Cy :Cl/(3+tan2 9)

where, f1.0 is local frequency for the mixer, arttlis electrical
length of the transmission line af.o. In order to omit
low-pass filters for IF signals, an IF port was placed at the
point where the shunt capacitor and the transmission line are
connected in this asymmetrical stub. The chip size of the mix&g. 12. Photographs of the prototype RF board.
is 1.28 mmx 1.28 mm.

A GaAs FET-based single-pole double-throw (SPDT)
switch was used for a T/R switch. In the high-frequencyhose inductance was chosen so as to resonate G
region, the off-state FET’s impedance becomes low becaugeconnected to the FET. An additional shunt FET switch
of its parasitic capacitance, and it degrades both isolatith connected to both TX and RX arms. On the off-state
performance between TX/RX arms and insertion logyms (upper arm in Fig. 11), the inductor afitly resonate
performance of the on-state arm. In order to eliminate thig series at the designated frequency. Since the impedance
effect, theLC series resonant circuit was employed. Fig. 10f this part becomes very small, the impedance seen from
shows the schematic circuit of the SPDT switch. The simplifigtie input port is almost infinity and that seen from the off-
equivalent circuit is shown in Fig. 11. In this figure, the onstate output port is “short.” These properties can improve
state FET is drawn as the resist&,, and off-state FET isolation performance of the switch. The on-state shunt switch
is drawn as a combination of the capacitétg and the also improves isolation performance. On the on-state arms
resistor R.¢, which are connected in parallel. An inductor(lower arm in Fig. 11), the inductor an@.g in shunt FET

DC-bias ICs
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Fig. 14. Gain and NF of the PHEMT LNA.

switch resonate in parallel at the designated frequency. Thg. 16. RF power and conversion gain of the mixer (UC).
total impedance of the circuits connected to the off-state arm
becomes infinity, and the insertion loss of the on-state art®.5 GHz, gain and NF are 16.8 and 2.2 dB, respectively.

can be made very small. The characteristics of the asymmetrically capacitance-loaded
open-stub are shown in Fig. 15. Sufficient suppression at
IV. RESULTS AND DISCUSSIONS LO frequency and small insertion loss at 2LO frequency

Fig. 12 shows the photographs of the prototype RF boamlere obtained, and they agree with simulated results. The
seen from the RF circuit surface (polyimide surface) and tiperformance with IF port terminated was also measured. It
dc-bias IC surface (ceramic surface). Nine MMIC chips amgas almost equal to the case without termination, and this
mounted on the polyimide surface. On the ceramic surfagesult exhibits that this IF port can be used to omit low-pass
five dc-bias IC’s, some chip-resistors, and chip capacitdiiers. The mixer's conversion gains and output powers, as
are soldered. The area occupied by these chips is 30 ramup converter (UC) and a DC, are shown in Figs. 16 and
x 30 mm, excluding the dc connector area. The size of thl§. The injected LO power was 9 dBm and its frequency was
module can be reduced to 25 mm25 mm by cutting off the 9.6925 GHz. IF was chosen as 140 MHz. As an up converter, it
design margin space. has a conversion gain of 18.4 dB at input power-df5 dBm.

The performance of each MMIC and overall performancas a DC, 18.1-dB conversion gain is obtained at input power
were measured. Drain bias voltage for all MMIC amplifiers isf —10 dBm. Image rejection ratio was 18.0 dB. Insertion
3 V. As shown in Fig. 13, the gains of type-A, type-B, andbss and isolation performances of the RF switch are shown in
PHEMT TX amplifiers are 14.0, 8.9, and 14.3 dB at 19.5 GHEig. 18. It exhibits 1.9-dB insertion loss and 20.0-dB isolation
respectively. The obtained gain performances are almost &tel9.5 GHz.
same as those of the simulation. Gain and noise figure (NF)The performance of the board was measured in TX and
performance of the PHEMT LNA is shown in Fig. 14. AtRX modes. The injected LO power was 9 dBm and its fre-
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guency was 9.6925 GHz, which was subharmonically doubled
and mixed in the mixer. IF was chosen as 140 MHz. The
performance of the board in TX mode is shown in Fig. 19.
It shows 23.2-dB gain and 7.4-dBiA_; output power. The
performance of the board in RX mode is shown in Fig. 20. It
shows 3.1-dB gain, and20.1-dBmP_; output power. When
these performance measurements were made, there was no
parasitic oscillation.
The overall performance of the board, obtained through ex-
periments, agreed well with the predicted overall performanggg. 21. An example of passive circuit integration.
The transmission loss is sufficiently low, and all MMIC'’s and
dc-bias IC’'s operate without difficulties. These experimental ) ) .
results confirm the validity of the proposed configuratior‘f"t'vely large RF passive components can be fabrlc_aFeq n
which is applicable to millimeter-wave RF module boards. the substrates by using low-loss MS's, we can minimize
In the prototype board, the polyimide layer is used only fgMMIC chip size. The proposed configuration has enough
connecting MMIC chips. The multilayer polyimide structurdPotential to integrate these passive circuits with MMIC chips
has advantages in the fabrication of some kinds of pass®@d can improve the total performance in terms of the RF
circuits, such as broadside couplers [16], filters [17], and powéaracteristics, board size, and fabrication cost.
dividers/combiners [1]. Fig. 21 shows an example of passive
circuit integration. By using bump bonding technologies, the
loss performance at the connection between semiconductoA multilayer polyimide/alumina—ceramic substrate was suc-
chips and transmission lines can be improved. Since rekssfully applied to quasi-millimeter-wave band modules. The

V. CONCLUSION
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low-loss performance of the wide MS’s exhibits their suit
ability for use even in the millimeter-wave region. The 3-L
line layout contributes to module size reduction. These resu

are

These modules are suitable for application as RF boards
millimeter-wave mobile terminals.

Masashi Nakatsugawa(M’93) was born in Hama-
matsu, Japan, in 1963. He received the B.E. de-
gree in electronics and communication engineering
and the M.E. degree in electrical engineering from
Waseda University, Tokyo, Japan, in 1987 and 1989,
respectively.

In 1989, he joined NTT Radio Communication
Systems Laboratories, Yokosuka, Japan, where he

promising for realizing millimeter-wave module boards
has been involved in research on MMIC’s. He was
a Research Engineer at NTT Wireless Systems Lab-

‘ L oratories, Yokosuka, Japan, where he was engaged

in the development of microwave amplifiers, control circuits, and packaging

ACKNOWLEDGMENT

The authors would like to thank A. Hashimoto angechnologies. He is currently on leave from NTT, studying at the California
Dr. M. Aikawa for their fruitful discussions and encouragetnstitute of Technology, Pasadena

ment through this work. They would also like to thank

K Mr. Nakatsugawa was the recipient of the 1996 Young Engineer Award
given by the Information and Communication Engineers (IEICE), Japan. He

Maruyama of NTT Electronics Technology Corporation fog a member of the IEICE and the Japan Society of Applied Physics.
his excellent technical support.

(1]

(2]

(3]

(4]
(5]

(6]

(7]

(8]

(9]

(20]

(11]

[12]

(23]

[14]

[15]

[16]

[17]

REFERENCES Atsushi Kanda (M'95), for a photograph and biography, see this issue, p.
2233.

T. Tokumitsu, T. Hiraoka, H. Nakamoto, and M. Aikawa, “Multilayer
MMIC using a 3um x N-layer dielectric film structure,lEICE Trans.
Electron.,vol. E75-C, no. 6, pp. 698-706, June 1992.

T. Tokumitsu, K. Nishikawa, K. Kamogawa, |. Toyoda, and M. Aikawa,
“Three-dimensional MMIC technology for multifunction integration and
its possible application to masterslice MMIC,” fEEE Microwave
Millimeter-Wave Monolithic Circuits Symp. DigSan Francisco, CA,
June 1996, pp. 85-88.

M. Aikawa, T. Tokumitsu, and K. Nishikawa, “Advanced MMIC
technology for the next generation-3D MMIC’s and master-slice tect
nology,” in Proc. 26th European Microwave ConfRrague, Czech
Republic, Sept. 1996, pp. 748—753. i tems Laboratories, Yokosuka, Japan, where he is en-
E. D. Cohen, “High density microwave packaging program,BEE gaged in research on microwave-circuit techniques
Int. Microwave Symp. DigQrlando, FL, May 1995, pp. 169-172. for monolithic integration.

J. A. Reddick, Ill, R. K. Peterson, M. Lang, W. R. Kritzler, P. "y Okazaki was the recipient of the 1997 Young Engineer Award given

Piacente, and W. P. Kornrumpf, “High density microwave packaging the Institute of Electronics, Information, and Communication Engineers
program phase 1—Texas Instruments/Martin Marietta team/EEE (IEICE), Japan.

Int. Microwave Symp. DigQrlando, FL, May 1995, pp. 173-176.
J. A. Costello, K. Kline, F. Kuss, W. Marsh, R. Kam, B. Fasano, M.
Berry, and N. Koopman, “The Westinghouse high density microwave

Hiroshi Okazaki (A'94) was born in Okayama,
Japan, in 1965. He received the B.E. and M.E.
degrees from Osaka University, Osaka, Japan, in
1988 and 1990, respectively.

In 1990, he joined NTT Radio Communication
Systems Laboratories, Yokosuka, Japan, and has
been involved in the investigation of low power-
consumption SSPA’s for earth stations. He is cur-
rently a Research Engineer at NTT Wireless Sys-

packaging program,” inEEE Int. Microwave Symp. DigQrlando, FL, Kenjiro Nishikawa (A’93) was born in Nara, Japan,
May 1995, pp. 177-180. on September 18, 1965. He received the B.E. and
J. Wooldridge, “High density microwave packaging for T/R modules,” ir M.E. degrees in welding engineering from Osaka
IEEE Int. Microwave Symp. DigQrlando, FL, May 1995, pp. 181-184. University, Suita, Japan, in 1989 and 1991, respec-
S. Riad, W. Su, A. Elshabini-Riad, F. Barlow, and I. Salama, “Wideban tively.

electrical characterization of MCM material&fectron. Package. Prod., il In 1991, he joined the NTT Radio Communi-
pp. 47-52, June 1996. e cation Systems Laboratories (now NTT Wireless

substrate with high capacitancdPEE Trans. Comp., Packag., Manu- been engaged in research and development on 3-D
fact. Technol. Byol. 18, pp. 23-27, Feb. 1995. and uniplanar MMIC’s on Si and GaAs, and their
K. Kamogawa, T. Tokumitsu, and M. Aikawa, “Multifrequency mi- applications.

crostrip antennas using alumina-ceramic/polyimide multilayer dielec- Mr. Nishikawa was the recipient of the 1996 Young Engineer Award by the
tric substrate,”|EEE Trans. Microwave Theory Techvol. 44, pp. Institute of Electronics, Information, and Communication Engineers (IEICE),

2431-2437, Dec. 1996. Japan. He is a member of the IEICE.
T. Hirota, “A Ka-band small-size monolithic amplifier,” inEICE
Spring Nat. Conv. Rec(in Japanese), Tokyo, Japan, Mar. 1990, pt.
2, p. 477.

|. Toyoda, T. Tokumitsu, and M. Aikawa, “Highly integrated three-
dimensional MMIC single-chip receiver and transmittd EEE Trans.
Microwave Theory Techyol. 44, pp. 2340-2346, Dec. 1996.

M. Cohn, J. E. Degenford, and B. A. Newman, “Harmonic mixing with . ) !
an antiparallel diode pair,/EEE Trans. Microwave Theory Tectvol. M.S. and Ph.D. degrees in physical electronics en-
MTT-23, pp. 667—673, Aug. 1975. ety gineering from the Tokyo Institute of Technology,
H. Okazaki and Y. Yamaguchi, “SSB subharmonically pumped mixe - / Tokyo, Japan, in 1980 and 1983, respectively.

R. Kambe, R. Imai, T. Takada, M. Arakawa, and M. Kuroda, “MCM “, Systems Laboratories), Yokosuka, Japan. He has
™
LR S

Masahiro Muraguchi (S'81-M'81) was born in

Kanazawa, Japan, in 1955. He received the B.S.
degree in electrical engineering from the Nagoya
Institute of Technology, Japan, in 1978, and the

-

MMIC for a 20 GHz-band transceiver,” (in Japanese), IEICE, Tect In 1983, he joined the NTT Atsugi Electrical
Rep. MW96-42, OPE96-22, pp. 13-18, June 1996,. Communications Laboratories, Nippon Telegraph

T. Hirota, A. Minakawa, and M. Muraguchi, “Reduced-size branch-lin ', and Telephone Corporation, where he was involved
and rat-race hybrids for uniplanar MMIC'sJEEE Trans. Microwave in the design and fabrication of GaAs MMIC's.
Theory Tech.yol. 38, pp. 270-275, Mar. 1990. He is currently engaged in research and development work on MMIC's
I. Toyoda, T. Hirota, T. Hiraoka, and T. Tokumitsu, “Multilayer MMIC for wireless communications at the NTT Wireless Systems Laboratories,
branch-line coupler and broad-side coupler,” IEEE Microwave Yokosuka, Japan, where he is the Leader of the Microwave Circuit Group.
Millimeter-Wave Monolithic Circuits Symp. DigAlbuguerque, NM, Dr. Muraguchi is a member of the Institute of Electronics, Information,
June 1992, pp. 79-82. and Communication Engineers (IEICE), Japan. Since 1994, he has been

I. Toyoda, T. Tokumitsu, and K. Nishikawa, “A multilayer MMIC filter on the editorial committee ofEICE Transactions on Electronicas an
using short-line meshes (SLM's),” iRroc. 24th European Microwave associate editor. He was awarded the Ichimura Prize by the New Technology
Conf., Cannes, France, Sept. 1994, pp. 443-447. Development Foundation in 1994.



