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,4 bstract —Microwave integrated circuit (MIC) balancedbipbase-sbift-
keying (BPSK) and quadri-phase-shift-keying (OPSK) modulators have
been achieved in the 27-GHz band. The modulators are fabricated using a

combination of microstrip lines and slot lines, viz., tow-sided MIC. The

diodes used are beam-lean Schottky-barrier diodes. Balanced BPSK modu-

lation is performed by path-switching and mode transformation from the

slot line to microstrip lines. The insertion loss is 2.2 dB at a carrier

frequency of 27 GHz. The phase error and the amplitude deviation are less

than 1° and 0.5 dB, respectively.

The QPSK modulator consists of two BPSK modulators, a power

divider, and a branch-line hybrid coupler. The configuration of the modula-

tor is the parallel-connected type. The insertion loss is 6.3 dB at a carrier

frequency of 27 GHz. The phase error is less than 2“, and the rise time and

fall time of the modnlated earner are less than 300 ps. The isolation

between the carrier input port and the QPSK modulated earner output port

is greater than 25 dB. These modulators can be extended to the

millimeter-wave band.

I. INTRODUCTION

R ECENTLY, MICROWAVE integrated circuit (MIC)

phase-shift-keying (PSK) modulators have been

fabricated for use in digital communications [1]-[5]. PSK

modulators are divided into two different types. The first is

a balanced or a double-balanced type, and the second is a

path-length modulator (unbalanced) type. Balanced modu-

lators have been realized as ring or star modulators at

microwave bands [6]–[8]. By using a combination of micro-

strip lines, slot lines, and coplanar lines, high bit-rate

double-balanced modulators for BPSK have been realized

at the C-band [1], [2], [9].

Path length modulators have been realized as reflection-

or transmission-type modulators. The reflection-type mod-

ulators have been constructed by using a waveguide circu-

lator [10], [11] or an MIC 3-dB branch-line hybrid coupler

[12], [13]. The transmission-type modulators use two micro-

strip lines with different line lengths and two switching

diodes [3]. In the path-length modulator, some amplitude

variations and jitter occur in PSK waveforms due to the

path-length difference. On the other hand, the balanced

modulator using equal path lengths rea]izes PSK wave-

forms without jitter, in principle, and achieves good isola-

tion between the carrier input port and the modulated

carrier output port, and a good PSK waveform in a wide

frequency band. Furthermore, the balanced modulator can
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be easily fabricated by the MIC technique, and is suitable

for MIC construction because no circulators are required.

This paper first discusses a new BPSK balanced modula-

tor which is proposed for use in the Ku-band. The modula-

tor utilizes a combination of microstrip lines and slot lines

(two-sided MIC).l The modulator consists of two quarter-

wavelength slot lines, two switching diodes, a slot-to-micro-

strip transition, and a gold (Au) wire. The modulator

proposed in this paper has the following advantages:

1)

2)

3)

4)

5)

high isolation between the carrier input port and the

modulated carrier output port is obtained due to the

balanced configuration;

pulsewidth variations and amplitude deviations are

suppressed due to the balanced configuration;

for a baseband input circuit, a simple configuration

achieved with only a wire bonding is sufficient;

it is suitable for high frequency bands up to the

millimeter-wave band;

a dc return path is not required because slot lines

are used.

The latter part of this paper will be devoted to a discus-

sion of the QPSK modulators which can be made by

combining two BPSK modulators in series or in parallel

[14], [15]. In this paper, a parallel-connected balanced

QPSK modulator using two BPSK modulators is pre-

sented. This modulator showed good performance, and can

be extended to the mMimeter-wave band.

II. BPSK BALANCED MODULATOR

A. Circuit Configuration

The configuration of a BPSK balanced modulator is

shown in Fig. 1. The dimensions of the circuit pattern are

also described. The modulator is composed of slotlines,

microstrip lines, a gold (Au) wire,’ and two beam-lead

Schottky-barrier diodes. In this figure, solid lines indicate

microstrip lines on the substrate, while dotted lines indi-

cate slotlines on the reverse side of the substrate. The

carrier input port, the BPSK modulated carrier output

port, and the modulating pulse input port are denoted by

C, M, and P, respectively. Tlie Au wire is used to supply

modulating pulses to the diodes.

The balanced modulator previously reported [9] used

1Since the circuit utilizes the both substrate surfaces, let us call it the
two-sided MIC.
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Fig. 1. Configuration of BPSK balanced modulator. Solid lines show
rnicrostnp lines on the substrate, dotted lines show slot lines on the

reverse side of the substrate: WI = Wi = 0.3 mm, W2= wj = 0.06 mm,

wj=0.6mm, ll=[4=l.34 mm, and12=[3=l,l mm.

(a)

(b)

Principle of BPSK modulation, Arrows represent the direction of

=lectric field ‘of earner, (a) Positwe pulse is sup-plied to diodes Diode
D, is forward-biased (short), and diode D2 is reverse-biased (open). (b)

Negative pulse is supplied to diodes. Diode D] n reverse-biased (open),

and diode D2 is forward-biased (short).

—+4—

Flg 3 An equivalent circuit of BPSK balanced modulator. Quarter-
wavelength distributed constant lines show slot hnes.

cylindrical conductors, which connect microstrip lines and

slot lines, to supply modulating pulses and carriers to the

diodes. Therefore, the realizable frequency of the modula-

tor was limited to the frequencies up to the C-band. On the

other hand, in the modulator shown in Fig. 1, the modulat-

ing pulse and the carrier are separately supplied to the

diodes. The modulating pulse is supplied to the diodes by

the Au wire, and the carrier is supplied to the diodes along

the slot line. The modulated carrier is transmitted to the

microstrip line by the slot-to-rnicrostrip transition com-

posed of an open-circuited quarter-wavelength microstrip

line. The configuration of the modulator is suitable for

planar circuits at high frequencies.

Fig. 2 shows the fundamental operation of the BPSK

modulator. In this figure, arrows represent the schematic

expression of the carrier, i.e., the arrows show the direction

of the electric field of the carrier which propagates along

the slot line. Fig. 2(a) and (b) show the case where the

positive and the negative pulses are supplied to the diodes,
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Fig. 4. Calculated insertion loss of the modulator. R, is a serres resis-

tance and C, n a junction capacitance The calculation conditions are as
follows: ZO1 = 100, Z02 = 50, ZO =70.7, and O = T/2.

respectively. The carrier is supplied to port C, and passes

through each slot line according to the polarity of the

modulating pulse. Then the carrier is fed to the microstrip

line through the slot-to-microstrip transition. The direction

of the electric field at junction Y1 is 180° out-of-phase for

Fig. 2(a) and (b). Thus a BPSK modulated carrier is

obtained from port M.

B. Modulation Loss Calculation

The equivalent circuit of the BPSK balanced modulator

is shown in Fig. 3. Slot lines are expressed as distributed-

constant lines. The junctions ~1 and Jz are expressed by an

ideal transformer. This type of circuit is a series-parallel

connected circuit. Therefore, from the viewpoint of the

equivalent circuit, it is a single-balanced modulator. Z, and

Zz represent the diode impedance under the forward- and

reverse-biased conditions. The Au wire, which supplies the

modulating pulse, is omitted in Fig. 3, since it is isolated

from the RF circuit, due to its series inductance and the

concentration of the RF electromagnetic field cm the slot

line. The inductance behaves as a low-pass filter. The diode

impedances Zl and 22 can be approximated to the series

resistance R, and the reactance 1/jtiC1, respectively. Cl
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TABLE I

ELECTRICAL CHARACTERISTICS OF DIODE (V558)

Parameter values

I
Series resistance I 2.5 ohm

Junction capacitance
at 0 Valt

Breakdown voltage
at 10 gm

Forward voltage
at 20 mA

Ideality factor

Size

0.05 PF

5 volt

0.8 volt

i.~?

0.2 x 0.75mm2

corresponds to the junction capacitance of the diode. Since

the real part of 22 is much smaller than the imaginary part,

22 is assumed to be an imaginary number.

The calculated insertion loss of the balanced modulator

is shown in Fig. 4. Dotted lines show the insertion loss

using the quality factor QO = 1/ti<jR~ [16]. The derivation

of the equations is shown in detad in the Appendix. The

calculation conditions are as follows: 201 = 100, 202=50,

20= 70.7, and 6 = Tr/2. The insertion loss increases with an

increase in the resistance and the capacitance of the diode.

C. Experimental Results

The BPSK balanced modulator has been fabricated by

‘ conventional photolithographic techniques on a 0.3-mm

thick alumina substrate with a. relative permittivity of 9.6.

Nickel-chromium with a 500-A thickness and gold with a

6000-A thickness are deposited on the alumina substrate

by the vacuum evaporation method. The thickness of the

gold on the microstrip lines and slot lines is increased to

about 4 pm by electroplating. The input impedance of the

modulator is 50 $?, and the impedance of the quarter-wave-

legnth slot line is 70.7 0 The Au wire has a 50-pm

diameter. It is connected to the pattern by thermal bond-

ing. Diodes used in the modulator are beam-lead Schottky-

barrier diodes (V558 of NEC). The typical characteristics

of the diode are shown in Table I. In this experiment, the

ridged waveguide [17] is used to construct the waveguide-

to-microstrip transition. These transitions are connected to

the carrier input port C and the BPSK modulated carrier

output port M. A coaxial connector is used for supplying

modulating pulses to the modulator.

The static performance of the BPSK modulator is shown

in Figs. 5, 6, and 7. The insertion loss versus carrier input

power characteristics for different diode bias currents are

shown in Fig. 5. The carrier frequency is 27 GHz. When

the carrier input power is greater than 10 dBm, the inser-

tion loss increases with the increasing carrier input power.
The insertion loss decreases with an increase in the forward

current. The relationship between the insertion loss and the

forward current of the diode is shown in Fig. 5(b). The

insertion loss is 2.2 dB at a carrier input power of 5 dBm

and a forward current of 20 mA.

Since two diodes are connected in antiparallel in the
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Fig. 5. (a) Measured insertion loss versus carrier input power. (b) Mea-

sured insertion loss versus forward current. The carrier frequency is 27
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Fig. 6. Frequency response of BPSK modulator. (a) Insertion loss at a

carrier input power of 5 dBm and a forward current of 20 mA. (b)
Isolation between port C and port M.

-0.4V Ov 0:4 v

-0.6V_
—---- 0.6 V

/
-0.2 v / 0.2 v

Fig. 7. Transient vector locus of BPSK modulator. The carrier frequency
is 27 GHz. The carrier input power is 10 dBm. The applied voltage is
+0.6 V to –0.6 V.

modulator (See Fig. 1), the handling-power capability of

the modulator is restricted by the forward voltage (or

current) of the diode. As the carrier input power increases,

the impedance of the reverse-biased diode decreases due to

the RF-voltage swing, and thereby the reflection of the
input carrier increases. In other words, the handling-power
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Fig. 8, Schematic diagram of the measurement setup.

Fig. 9. Dynamic characteristics of BPSK modulator. The

frequency is 27 GHz and the modulating-pulse signal frequerx
MHz. The carrier input power is 10 dBm. (a) BPSK signal enveh

coherent detected waveforms (10 ns\div). (b) Lissajou figures.

carrier
:y is 30

>pe and

capability depends upon the diffusion voltage of the

Schottky-barrier diode (SBD). From this point, GaAs (dif-

fusion potential +0.8 V) is better than S’, (diffusion poten-

tial +0.6 V). For Si SBD, the handling-power capability

was 4 dB lower than that for GaAs SBD [18].

From Fig. 4, the insertion loss of the modulator is

estimated to be 1.1 dB since the diode used here has

R,= 2.5 and COCj= 0.008. The insertion loss of the slot-to-
microstrip transition is 0.3 dB at 27 GHz. The remaining

0.5 dB is considered to be conductor loss of the microstrip

lines and slot lines, and reflection loss due to discontinui-

ties.

Fig. 6 shows the frequency response of the insertion loss

and the isolation between ports C and M. The loss varia-

tion is less than *0.3 dB for a frequency range of 26.5–27.5

GHz. The carrier input power and the forward current are

fixed at 5 dBm and 20 mA, respectively. The isolation

between the carrier input port and the modulated carrier

output port is greater than 25 dB over a 1-GHz bandwidth.

The transient vector locus of the modulator is shown in

Fig. 7. The phase error is less than 10. The transient vector

locus has a very little orthogonal component. The ampli-

tude deviation is less than 0.5 dB.

The phase error is caused by the asymmetry of the two

slot-line arms. Since the modulator uses both sides of the

substrate, the asymmetry is due to the positioning error

when the circuit pattern on both sides is made. However, in

this case, no adjustment is required, since a phase error of

less than 10 does not affect the C/N ratio degradation in

digital communications [19].

The dynamic performance is measured by the setup

shown in Fig. 8. The modulated carrier is converted by

mixers to an intermediate frequency band of 1.7 GHz, and

then the waveforms are measured with a sampling oscillo-

scope. The bandwidth of the measurement system is greater

than 3 GHz. The carrier frequency is 27 GHz, and the

modulating-pulse signal frequency is 30 MHz. The BPSK

signal envelope and the coherent detected waveform are
shown in Fig. 9(a). Fig. 9(b) shows the Lissajous figures.

The rise time and fall time of the envelope waveform are

less than 300 ps. Since the rise time and fall time of the

modulating-pulse waveform are of the order of 200 ps, the

modulator shows no transient characteristic degradation.

The driver is the pulse generator TR-4200.2 As a result the

BPSK balanced modulator with good performance has

been achieved in the 27-GHz band. This modulator is

suitable for modulating carriers with medium power levels,

2Takeda Riken industry’s limit.
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Fig. 10. Configuration of QPSK modulator. Solid lines show microstrip
lines on the substrate, dotted lines show slot lines on the reverse side of
the substrate.

and for constructing direct radio-frequency (RF) modula-

tors followed by transmitting high-power amplifiers.

III. QPSK BALANCED MODULATOR

A. Circuit Configuration

The configuration of the QPSK modulator, consisting of

two BPSK modulators, a power divider, and a branch-line

hybrid coupler is shown in Fig. 10. In this figure, solid

lines indicate microstrip lines on the substrate, while dotted

lines indicate slot lines on the reverse side of the substrate.

C, M, P,, and P2 denote the carrier input port, the QPSK

modulated carrier output port, and the modulating pulse

input ports 1 and 2, respectively. The power divider splits

the carrier supplied at port C, and two divided carriers are

fed in-phase into two BPSK modulators. Two BPSK mod-

ulated carriers are combined with a 3-dB branch-line hy-

brid coupler to obtain a QPSK modulated carrier from

port M.

The QPSK balanced modulator shown in Fig. 10 is made

on a 0.3-mm thick alumina substrate fabricated by conven-

tional photolithographic techniques. Since the power di-

vider and the branch-line hybrid coupler require resistors,

tantalum nitride (Ta2N) resistors are sputtered on the

alumina substrate. The construction of the metal layers on

the substrate is a three-layer metal system, i.e., Ta2N–

NiCr–Au, while that on the reverse side of the substrate is

a two-layer metal system, i.e., NiCr–Au. The sheet resis-

tance of tantalum nitride is 35 G!/square.

Fig. 11 shows photographs of the modulator pattern.

The pattern of the microstrip lines on,, the substrate is

shown in Fig. 1l(a), and the pattern of the slot lines, on

which beam-lead Schottky-barrier diodes are bonded, is

shown in Fig. 11(b). In this experiment, the waveguide-to-

microstrip transitions are connected to ports C and M. Fig.

1l(c) shows a photograph of the modulator mounted in a

test housing. The coaxial connectors are connected to ports

P, and Pz. The rnicrostrip pattern can be seen in the

photograph.

B. Experimental Results

The static performance of the QPSK modulator are

shown in Figs. 12 and 13. The insertion loss versus carrier

@

(b)

WAVEGUIDE -TO - MICROSTRIP
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PULSE INPUT 2
\ \

-CARRIER
INPUT

MODULATED \ PULSE INPUT 1

CARRIER OUTPUT WAVEGWIDE- TO- MICROSTRIP
TRANSITION

(c)

Fig. 11. Photographs of QPSK modulator. (a) Microstrip line pattern on
the substrate (1 mm/div). (b) Slot line pattern on the reverse surface (1
mm/div). (c) QPSK modulator mounted in a test housing.

input power and the insertion loss versus forward current

are shown in Fig. 12. The carrier frequency is fixed at 27

GHz. The insertion loss is constant up to a carrier input

power of 13 dBm, because the QPSK modulator uses the

two BPSK modulators whose features are described in

Section II. The insertion loss is 6.3 dB at a carrier input

power of 10 dBm and a forward current of 20 mA. Fig.
12(b) shows the insertion loss as a function of the forward

current supplied to the diode, A forward current of 10 mA
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is sufficient to modulate the carrier at a power level of 13

dBm.

The insertion loss of 6.3 dB is alloted as follows: the

intrinsic loss of the 3-dB branch-line hybrid coupler is 3

dB; the loss of the BPSK modulator is 2.2 dB at a carrier

input power of 7 dBm; and the insertion loss of the power

divider and the branch-line hybrid circuit are 0.6 dB and

0.5 dB, respectively.

The frequency response of the insertion loss and the

isolation between ports C and M is shown in Fig. 13. The

carrier input power and the forward current are fixed at 10

dBm and 20 mA, respectively. The minimum insertion loss

is 6.1 dB at a carrier frequency of 26.5 GHz. The loss

variation is less than *0.3 dB for a frequency range of

26.5–27.5 GHz. The isolation is greater than 25 dB over a

1-GHz bandwidth. The four phase states are shown in Fig.

14(a). The phase error is less than 2°. The phase error also

includes that of the power divider and the branch-line

hybrid coupler, therefore the phase error of the QPSK

modulator is somewhat greater than that of the BPSK

modulator. However the phase error realized here is small,

and it does not affect the C/N ratio degradation in digital

communications [19].

The dynamic performance is shown in Fig. 14(b) and (c).

The carrier frequency is 27 GHz, and the modulating-pulse

signal frequency is 30 MHz. The QPSK signal envelope

and the coherent detected waveform are shown in Fig.

14(b). Fig. 14(c) shows the Lissajous figure. The rise time

and fall time of the envelope waveform are less than 300

ps. As a result, the QPSK balanced modulator with small

insertion loss and phase error, fast switching time, and high

isolation has been achieved at the 27-GHz band.

IV. CONCLUSION

New MIC BPSK and QPSK balanced modulators have

been fabricated at the 27-GHz band. These modulators

utilize both substrate surfaces and employ slot lines and

rnicrostrip lines. The pulse input circuit is realized by a

simple Au-wire bonding. Tlie modulators use two

Schottky-barrier diode (BPSK) or four diodes (QPSK).

The insertion loss for BPSK modulator is 2.2 dB at a

carrier frequency of 27 GHz, and the isolation is greater

than 25 dB over a 1-GHz bandwidth. The phase error and

the amplitude deviation are less than 10 and 0.5 dB,

respectively.

The QPSK modulator consists of two BPSK modulators,
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a power divider, and a branch-line hybrid circuit. The

insertion loss is less than 6.7 dB over a 1-GHz bandwidth.

The isolation is greater than 25 dB. The phase error is less

than 2°, and the rise time and fall time are less than 300 ps.

The modulator described in this paper can easily be

extended to the millimeter-wave band up to 40–50 GHz.

Furthermore, the integrated circuits of the BPSK and

QPSK modulators are useful in constructing MIC trans-

mitters in radio transmission systems. These modulators

will enable compact, low-cost, and high-efficiency trans-

mitters.

APPENDIX

Fig. 15 shows a schematic expression of a series-parallel

connected circuit. Transfer matrices [ F1] and [ Fj ] are de-

rived from the transfer matrices of the distributed-constant

line, two ideal transformers, and the parallel-connected

diode. Matrices [Fl ] and [Fz ] are expressed as follows:

H

Al B,

[F,]= ~, ~,

[

cos e jZO sine
——

Ylcosfl+ j~sind jY1ZOsinf3 +cosf3

1

(1)

o

[1
AZ Bz

[F,]= ~2 *2

[ —Cose – jZo sin 19 1
——

[
–Y2cosf3-j~sinf3 – jY2Z2sintl –cosd

o 1

(2)

where

Y, = 1/21 forward-biased diode admittance;

Y2’= 1/Z2 reverse-biased diode admittance;

Z. characteristic impedance of the quarter-

wavelength slot line;

6 electrical legnth of the quarter-wavelength

slot line.

In (1) and (2), we assume that the distributed-constant line

is lossless. From (1) and (2), the overall transfer matrix,

[F~], of Fig. 15 is expressed as follows [20]:

1[FTI=[: : ‘D,:D2

“[2+( A1D2+A2-D1 +BIC2+B2C1) B1D2+B2D1

C1D2 + C2D1 1D1D2 “

(3)

From (3), the transmission coefficient Tc is expressed as

(FTI—.. .__—. —

B

INPUT I (F, ) IOUTPUT

/

(Fz)

—— —— ———— J’

[F,]= (;; :) (F2)= (::%)

Fig. 15. Schematic expression of series-parallel connected circuit.

follows:

2{=
T==

Z02A + B + ZOIZ02C+ ZOID
(4)

where Zol and Z02 are the input impedance of the circuit.

Since the carrier input port and the PSK signal output port

are connected to the diodes in series and in parallel,

respectively, Zol is set to 2Z02. From (3) and (4), the

insertion loss of the modulator can be calculated. In the

calculation, Z1 and Z2 are equal to R, and 1/juC,, respec-

tively.
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