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and Valeri S. Vountesmeri

Abstract—A millimeter-wave amplitude-phase modulator, us-
ing Fox’s (polarization) principle of phase changing has been
developed. Using this modulator, it is possible to perform the
following types of phase modulation: binary phase-shift key-
ing (BPSK), quadrature phase-shift keying (QPSK), differential
QPSK (DQPSK), �=4-DQPSK with peak phase error 5� (rms
error: 2 �), and peak amplitude error 2% (rms error: 1%) in the
frequency range of 36–37.5 GHz. The achievable switching time
is less than 35 ns. A low level of insertion loss (1 dB) is achieved.
The modulator is able to switch up to 25 dBm of RF power.
This modulator can also be used for changing the amplitude of
the output wave from 0 to �6 dB with an accompanying phase
modulation less than 3�. The modulator is suitable for use in
high-speed millimeter-wave communication systems.

Index Terms—Millimeter-wave modulation, millimeter-wave
phase shifter, millimeter-wave radio communication, phase mod-
ulation, phase-shift keying.

I. INTRODUCTION

M ILLIMETER-WAVE communication systems are very
helpful for both military and commercial applications

[1], [2]. For terrestrial telecommunications, the trend is to
increase the spectral efficiency, so complex modulation meth-
ods are used [3], [4]. At the present time, modulation of low
frequencies with upconversion, and then power amplification,
is the most commonly used method in microwave commu-
nication systems. However, it is very difficult to realize this
approach with millimeter waves due to the absence of effective
and low-cost power amplifiers. Therefore, direct modulation
with the help of an amplitude-phase modulator may be used
as an alternative approach for millimeter waves [5]; however,
in this case, very strict limitations exist for phase errors and
the insertion loss level. To satisfy these heavy requirements,
the authors are using Fox’s [7] principle of phase changing.
This method has the advantage of low phase errors and a
low level of the accompanying amplitude modulation and was
successfully applied for developing a spiraphase-type phased
array [6]. This paper describes the amplitude-phase modulator,
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which is suitable for use in high-speed communication systems
in the 36–37.5-GHz frequency range due to extremely small
phase errors, a relatively low level of the insertion loss,
and fast operation. Design considerations are presented and
experimental characteristics of the fabricated modulator are
discussed. It is demonstrated that it is possible to change the
amplitude of the output signal in the range from 0 to6 dB
without changing the phase.

II. BASIC CONSIDERATIONS

The basic construction of the amplitude-phase modulator is
shown in Fig. 1. It consists of the following elements:

• circulator ;
• rectangular-to-circular waveguide transitionfor trans-

formation of TE mode of rectangular waveguide to
-polarized TE mode of circular waveguide;

• polarization filter , consisting of two printed -length
horizontal dipoles, situated from one another; one
dipole is terminated in a short circuit, the other is loaded
on the matched resistor, therefore,-polarized wave,
traveling in negative direction is dissipated;

• polarizer -differential 90 section, for transforming -
polarized mode TE to the circularly-polarized mode
TE of circular waveguide;

• control section , consisting of section of circular wave-
guide terminated in short circuit with control diaphragm
in its cross section.

Let’s consider the mode TE at the input of the modulator
(Fig. 1). After traveling through the circulator, the rectangu-
lar–to–circular waveguide transition and the polarization filter,
the mode TE transforms to the vertically polarized mode
TE of the circular waveguide. This vertically polarized mode
is transformed to the circularly polarized mode TEwith the
help of a polarizer. Then the incident circularly polarized mode
TE is reflected by the control section. The control section is
built in such a way that the reflected wave may be considered
as a sum of two circularly polarized waves. One of these waves
is a circularly polarized wave where the electric-field vector
rotates in the same direction as the electric-field vector of
the incident wave. The phase and amplitude of this wave
are controlled by the control section. The second reflected
component is the wave where the electric-field vector rotates in
the opposite direction. Only the amplitude of this component
is controlled by the control section. The first component shall
be called thecontrolled wave, and meanwhile the second
component shall be called theuncontrolled wave.

The reflected controlled and uncontrolled waves are trans-
formed by the polarizer to vertically and horizontally polarized
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Fig. 1. The basic construction of the amplitude-phase modulator.

waves, respectively. Then the horizontally polarized wave is
dissipated in the polarization filter, but the controlled wave is
transformed to mode TE of the rectangular waveguide. Then
the circulator is used to separate the incident wave from the
reflected one.

The control section uses Fox’s principle of phase changing.
One can consider the control section as a section of a circular
waveguide terminated in a short circuit with the control
diaphragm in its cross section. The control section provides
different reflection coefficients and for two orthogonal
linearly polarized modes with vectors of electric-field density

parallel to the axes and , respectively. Let one
assume that a circularly polarized incident wave propagates
toward the control section as follows:

(1)

where is the amplitude of the incident wave, and are
the unit vectors in the and directions, and .

The reflected wave can be expressed as a sum of the
circularly polarized waves

(2)

where is the angle between the axisand the axis .
The first component of the sum (2) is a circularly polarized

wave with the same direction of rotation as vector, which
is the incident wave. One can control the phase of this wave
by changing angle . The second component of the sum is the
wave with the opposite direction of rotation as vector. The
phase of this component is not changed by changing angle.
The amplitude of the controlled wave is at its maximum when

(3)

In this case, the amplitude of the uncontrolled wave, the
second component of (2), is equal to zero and the modulator
has minimal possible loss, which is determined only by
the quality of the switching elements used. Therefore, it is
necessary to provide an additional differential 180phase
shift between orthogonal components of the reflected wave.

Fig. 2. The control diaphragm of the amplitude-phase modulator with four
possible phase conditions.

If values and do not change while changing the angle
, only the phase changes in the reflected wave.
If one changes the absolute value of from to zero,

the amplitude of the controlled wave will reduce twice, but
the phase of the controlled wave does not change its value.
With the help of this method, one can control the amplitude
of the reflected wave. At least when , one can reduce
the amplitude of the controlled wave to zero.

Therefore, the phase of the controlled wave is determined
only by the angle , while the amplitude of the controlled
wave can take values between 0 and6 dB.

III. CONTROL SECTION DESIGN

In the simplest case, the control section can be realized as
a thin -dipole terminated in a short circuit, installed in
the cross section of the -section of the circular waveguide
terminated in a short circuit. The -dipole terminated in
a short circuit reflects a linearly polarized mode TEwith
vector parallel to the dipole and has no influence on
the mode TE with orthogonal polarization. Therefore, an
additional differential phase shift of 180appears between
orthogonal components of the reflected wave. By rotating the
dipole, one can control the phase of the reflected wave. In
this case, the velocity of the phase change is not sufficient
for communication applications, so it is necessary to use an
electronic simulation of the mechanical rotation. One can
obtain this simulation by using switching p-i-n diodes, which
are situated on the surface of the control diaphragm.

The control diaphragm for the modulator with the four
possible phase conditions is shown in Fig. 2. The control
diaphragm is the system of connected slot resonators, which
consist of a ring slot 1 with an average diameter(the average
length of the slot is ) and inductive radial stubs 2–5. These
stubs are connected to the ring slot in series and the angle
between the nearest stubs is 45. The switching diodes 6–9
are connected in parallel to the inductive stubs. At any time,
three diodes are switched on and one diode is switched off.

When diode 6 is switched off, the linearly polarized com-
ponent of the incident circularly polarized wave with vector

, which is parallel to stub 2’s axis of symmetry does not
excite significant fields in stubs 3–5 because these stubs are
shorted by switched-on diodes and the length of each stub
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Fig. 3. The ring slot resonator and its equivalent circuit.

is less then . Excited fields of stub 2 are negligible also,
due to the symmetry of the incident field and the diaphragm’s
configuration. Therefore, the control diaphragm for the linearly
polarized component mentioned above is equivalent to the
ring slot resonator and all the fields excited on the surface
of the control diaphragm have the same dependence on the
angular variable as the incident linearly polarized component.
As a result, one has different values of the high-frequency
(HF) currents that flow across the switched-on diodes. These
values depend upon the angular location of each diode and
are proportional to , where is the angle between the
electric-field vector of the exciting wave and the stub’s axis of
symmetry, and is also the angle which determines the angular
location of each diode.

When the frequency of the exciting field is equal to the
resonant frequency of the ring slot resonator, mode TEcan
pass through the control diaphragm without reflection. The no-
load condition in the plane of the diaphragm for this linearly
polarized component of the incident circularly polarized wave
is obtained by placing a metal wall at a distance of from
the control diaphragm.

In order to determine the level of the insertion loss for this
case, one needs to build an appropriate model. The rigorous
solution of the integral equation for the presented structure
is available but quite complex, which makes its use in the
optimization process very difficult. Therefore, a simple model
is used based on the fact that the mentioned structure is
similar to the ring slot resonator. The geometry of the ring slot
resonator and its equivalent circuit are illustrated in Fig. 3. In
the ring slot resonator, the magnetic energy is stored mainly
due to the electric currents and , which flow across the
right and left part of the outer conductive ring, respectively.
The electric energy is stored due to the concentration of the
electric field in the ring slot. The equivalent circuit used
is a parallel resonant circuit with the resonant frequency

. It contains two equal inductances
and capacitance . Now one needs to modify the presented
circuit in order to take into account the switching elements and
the inductive stubs. Since only the right side of the ring slot
resonator was changed (Fig. 2), the appropriate changes were
made in the equivalent circuit. The modified equivalent circuit
is presented in Fig. 4(a), where is the inductance of the stub
terminated in a short circuit and are the resistance of

(a)

(b)

Fig. 4. The equivalent circuit of the control section of the amplitude-phase
modulator with (a) four possible phase conditions and (b)N possible phase
conditions (for the scattering of the linearly polarized mode TE11with vector
~E parallel to the axis of symmetry of the stub, where the switched-off diode
is situated).

the switched-on p-i-n diode and the inductance of the diode’s
leads, respectively. The RF power dissipated in a switched-
on diode is proportional to , while the equal RF current
flows across the circuits, which are equivalent to the switched-
on diodes [see Fig. 4(a)]. Therefore, the multiplication of the
diode’s and stub’s impedance by trigonometric function
is used in order to conserve power relations. The transmission
line terminated in a short circuit with characteristic impedance

and length is equivalent to the -section of the
circular waveguide terminated in the short circuit. For this
case, the equivalent resistance of the control diaphragm at the
resonant frequency
can be determined according to the following equation (assume
that the impedance of the switched-on diode is small compared
to the input impedance of the stub terminated in a short
circuit):

(4)

The control diaphragm for the modulator with possible
phase conditions has radial inductive stubs, with the angle
between the two nearest stubs being 180. In this case, one
has switched-on diodes and one switched-off diode on
the surface of the control diaphragm. The equivalent circuit
for the control diaphragm of the modulator with possible
phase conditions ( ) is shown in
Fig. 4(b). The equivalent resistance of the control diaphragm at
the resonant frequency can be evaluated as follows (the same
simplification is assumed and the relation

is used):

(5)

where is the resonant frequency of the control diaphragm.
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Fig. 5. The equivalent circuit of the control section of the amplitude-phase
modulator with possible phase conditions (for the scattering of the linearly
polarized mode TE11 with vector ~E orthogonal to the axis of symmetry of
the stub, where the switched-off diode is situated).

Therefore, at the resonant frequency, the reflection coef-
ficient from the control section can be written as follows
(assuming that ):

(6)

One then substitutes of (5) into that of (6) to obtain

(7)

Now, assume scattering of the linearly polarized component
of the incident circularly polarized wave, in which vector
is orthogonal to the axis of symmetry of stub 2, where the
switched-off diode 6 is situated (Fig. 2). Stub 2 is excited
by the wave of this polarization. The equivalent circuit of
the control diaphragm of the -discrete modulator for this
case is shown in Fig. 5 (the relation
was used to simplify the circuit). The length of each stub
was chosen to obtain the series resonance of the control
diaphragm with the same resonant frequency as for the parallel
resonant circuit in the case mentioned above. The series
resonant circuit contains inductance with
reactance and the parallel connection of two reactive
elements with reactance (where and
are the capacitance and parallel resistance of the switched-
off diode, respectively). Therefore, the equivalent impedance
of the control diaphragm is a small active resistance at the
resonant frequency. The incident wave of this polarization is
reflected by the diaphragm with a reflection coefficient that
is approximately 1, hence, an additional differential phase
shift of 180 is provided between orthogonal linearly polarized
components of the reflected wave. By switching the diodes one
can simulate the mechanical rotation of the control diaphragm,
so one now has an additional phase shift in the reflected
circularly polarized wave.

It is possible to calculate an equivalent resistance of the
control diaphragm in the case of the series resonance accord-
ing to the following formula (assuming that the inductive
impedance of the diode’s leads is small compared to the
reactive impedance of the switched-off diode and that the

resistance of the switched-off diode is large compared to its
reactive impedance):

(8)

Hence, at the resonant frequency , the reflection coefficient
can be expressed as shown in (9) at the bottom of the page
(assume that ). Minimal insertion loss and rejection
of the uncontrolled wave occurs when absolute values of
and are equal. Therefore, using formulas (7) and (9), it
is possible to obtain an equation for the control diaphragm’s
equivalent circuit optimization

(10)

where ,
since the lead’s inductance is relatively small.

By resolving (10) with respect to , it is possible to
formulate an equation for obtaining optimal

(11)

If one uses p-i-n diodes with typical values of2–6 ,
5–15 k , and for , one can simplify (11) by ignoring
the first component under the root and the first term of the
numerator. These simplifications are equivalent to ignoring the
second term of (9), hence, one assumes that a decrease in the
absolute value of occurs only due to the finite value of
and half of the dissipated millimeter-wave power is dissipated
in the switched-off diode. Therefore, one has

(12)

The value of is determined mainly by the parameters of
the ring slot resonator. Construction of the control diaphragm
permits one to obtain different values of . The resonant
frequency of the ring slot resonator is determined only by the
average length of the ring, but one can change the quality
factor of the ring slot resonator (or ) by changing the
width of the slot. It is possible to increase the value of
by increasing the width of the slot resonator. Decreasing the
slot’s width leads to a decrease in the value of . Hence,
one has the possibility of changing the value of to obtain
the optimal value. By substituting (12) into (7), one is able to
obtain the value of as follows:

(13)

Therefore, one can now find the formula for the inser-
tion loss in the optimized modulator with possible phase

(9)
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conditions

(14)

The insertion loss is determined only by the parameters of
the switching elements and the number of the possible phase
conditions .

Since many system applications require a significant level
of millimeter-wave power, it is desirable to obtain closed-
form expressions for the maximum level of the input power.
Excessive input RF power causes permanent damage of the p-
i-n diodes or damage of the thin-film resistor in the polarization
filter. Assume that the optimized amplitude-phase modulator
operates in the pure phase modulation mode with the minimum
possible level of the insertion loss. In this case, one can
consider that the power dissipated in the thin-film resistor
is negligible. Therefore, the RF power that can be handled
safely by the modulator is limited by two factors: the break-
down voltage of the switched-off diode and the thermal
considerations (or maximum power dissipation in the p-i-n
diode ). According to previous analysis, the switched-
off diode operates in the heaviest conditions, dissipating half
of the total dissipated millimeter-wave power. Using formula
(13), one can evaluate the level of RF power dissipated by the
switched-off diode

(15)

where is the input millimeter-wave power.
Now one can obtain one of the two maximum power level

limitations

(16)

The second maximum power-level limitation one can obtain
by substituting in (16) is as follows:

(17)

Now consider the operation of the amplitude-phase mod-
ulator with amplitude modulation under the assumption that
each p-i-n diode operates as a linear resistor even with small
forward bias currents. In this case, the heaviest situation
exists when 6 dB of attenuation is obtained and half of the
input power is dissipated in the switched-on diodes. Power,
dissipated in the diode which operates under the heaviest
conditions, may be evaluated in accordance with the formula

(18)

Now one can obtain the third limitation for the input power

(19)

Calculated values of , , and are shown
in Table I. The calculations were made for the following pa-
rameters of the diode: mW V

C.

TABLE I
THE MINIMAL LEVEL OF INSERTION LOSS AND THE MAXIMUM

POWER LEVELS FOR THEN -DISCRETE MODULATOR

Fig. 6. The control diaphragm of the amplitude-phase modulator with eight
possible phase conditions.

IV. M ODULATOR DESIGN AND PERFORMANCE

A. Circuit Description

The final construction of the control diaphragm of the
modulator with eight possible phase conditions (0, 45 , 90 ,
135 , 180 , 225 , 270 , 315 ) is shown in Fig. 6. Inductive
stubs are situated uniformly over the ring slot resonator to
obtain approximate symmetry of the control diaphragm. The
form of the stub chosen was trapezoidal to reduce the length of
the stubs. All bias circuits and switching diodes were situated
on the surface of the thick (0.4-mm) copper plate. Special
attention was paid to the reduction of the insertion loss in the
bias circuits. Bias circuits and metal–dielectric–metal filters for
the separation of RF and dc currents were fabricated on the
copper plate using special thin-film technology, proposed by
Skachko. A thin (5 m) layer was used as a high-quality
dielectric. The inner part of the ring slot resonator was made
on glass microfiber reinforced polytetrafluorethylene (PTFE)
material with a dielectric constant of 2.5 and a thickness of
dielectric of 60 m. This inner part was connected to the
main copper plate by soldering. The radius of the circular
waveguide was 3.6 mm and the dimensions of the inner
and outer radius of the ring slot resonator were obtained by
applying the optimization process described above.

Diaphragms of the polarization filter were fabricated on the
microfiber reinforced PTFE material, the width of the dipoles
was 400 m, and the value of the matched thin-film chromium
resistor was 215 . The rectangular-to-circular waveguide
transition was a stepped transition with length 10.5 mm and
standing-wave ratio (SWR) less then 1.07 in the 36–37.5-GHz
frequency range. The polarizer was a differential 90section
of a finned circular waveguide with length 15 mm, and SWR
less then 1.1 in the 36–37.5-GHz frequency range.
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Fig. 7. Measured phase shift of the amplitude-phase modulator for the
minimal level of insertion loss.

Fig. 8. Measured insertion loss of the amplitude-phase modulator (the cir-
culator’s insertion loss is excluded).

B. Experimental Results

The measured results are depicted in Figs. 7 and 8. The
phase shift for the eight possible phase conditions of the mod-
ulator is given in Fig. 7. In the 36–37.5-GHz frequency range,
peak phase errors are less than 5for all eight phase conditions
of the modulator. Measured insertion loss is presented in Fig. 8
(the circulator’s insertion loss is excluded). An insertion loss
of 1 0.15 dB was obtained for all possible phase conditions of
the amplitude-phase modulator in the 36–37.5-GHz frequency
range, therefore, amplitude imbalance between two arbitrarily
chosen phase conditions is less than 0.3 dB. The insertion
loss is quite near to the predicted level (Table I), so insertion
loss in the bias circuits is negligible. Switching time less than
35 ns was achieved, the modulator was able to switch at
least 400 mW of RF power without any significant change
of performance.

A possibility for independent changing of the amplitude was
investigated. For a reduction of the amplitude of the reflected

Fig. 9. Measured relative insertion loss of the amplitude-phase modulator as
a function of the forward bias current.

Fig. 10. Measured phase of the reflected wave as a function of the relative
insertion loss of the amplitude-phase modulator.

wave, forward currents of all switched-on diodes were reduced
simultaneously. Fig. 9 shows an increase of insertion loss
while the diode’s direct current is decreasing. This change
of the amplitude does not cause significant phase changing in
the reflected wave (see Fig. 10). Finally, more then 23-dB iso-
lation was obtained in the 36–37-GHz frequency range when
the forward bias current was applied across all eight diodes.

V. CONCLUSION

A millimeter-wave amplitude-phase modulator, using the
polarization principle of phase changing has been successfully
designed, fabricated and tested. The fabricated three-bit phase
modulator demonstrated accurate phase performance (peak
errors were less then 5), a low level of insertion loss (1 dB),
and a low imbalance level (0.3 dB) for the two arbitrarily
chosen phase conditions in the 36–37.5-GHz frequency range.
The modulator can switch up to 400 mW of RF power with
a switching time less than 35 ns, therefore, it is suitable
for application in millimeter-wave communication systems.
Finally, the possibility of changing the amplitude of the
output signal from 0 to 6 dB with an accompanying phase
modulation less than 3was demonstrated.
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