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~ Abstract—A millimeter-wave amplitude-phase modulator, us- which is suitable for use in high-speed communication systems
ing Fox's (polarization) principle of phase changing has been in the 36-37.5-GHz frequency range due to extremely small

developed. Using this modulator, it is possible to perform the hhace errors, a relatively low level of the insertion loss,
following types of phase modulation: binary phase-shift key-

ing (BPSK), quadrature phase-shift keying (QPSK), differential and fast operation. Design considerations are presented and
QPSK (DQPSK), /4-DQPSK with peak phase error 5 (rms €xperimental characteristics of the fabricated modulator are

error: 2°), and peak amplitude error 2% (rms error: 1%) in the discussed. It is demonstrated that it is possible to change the
frelquenﬁy rasnéle OfA3|6—3T-5 (|3Hf2.- The.acrlueva(blledst)v[tchlnr? tlmg amplitude of the output signal in the range from 0-t6 dB
is less than 35 ns. A low level of insertion loss is achieved.,, ;
The modulator is able to switch up to 25 dBm of RF power. without changing the phase.
This modulator can also be used for changing the amplitude of
the output wave from O to —6 dB with an accompanying phase [l. BAsIC CONSIDERATIONS
modulation less than 3. The modulator is suitable for use in  hg pagic construction of the amplitude-phase modulator is
high-speed millimeter-wave communication systems. - . .
shown in Fig. 1. It consists of the following elements:
Index Terms—Millimeter-wave modulation, millimeter-wave ; .
) ) . A « circulator A;
phase shifter, millimeter-wave radio communication, phase mod- . . ..
ulation, phase-shift keying.  rectangular-to-circular waveguide transitiéhfor trans-
formation of TEy mode of rectangular waveguide to
y-polarized TE; mode of circular waveguide;
. INTRODUCTION * polarization filterC, consisting of two printed /2-length
ILLIMETER-WAVE communication systems are very horizontal dipoles, situated/4 from one another; one
helpful for both military and commercial applications dipole is terminated in a short circuit, the other is loaded
[1], [2]. For terrestrial telecommunications, the trend is to  on the maiched resistor, therefore;polarized wave,
increase the spectral efficiency, so complex modulation meth- trave!mg n n_egatlvg" direction 1S dissipated; _
ods are used [3], [4]. At the present time, modulation of low * polarizer D-differential 9 section, for transforming-
frequencies with upconversion, and then power amplification, polarized mode TE to the circularly-polarized mode
is the most commonly used method in microwave commu- TEj; of C|rgular wavegu!de; . _
nication systems. However, it is very difficult to realize this * control sectiont, consisting of section of circular wave-
approach with millimeter waves due to the absence of effective guide terminated in short circuit with control diaphragm
and low-cost power amplifiers. Therefore, direct modulation In Its cross section.
with the help of an amplitude-phase modulator may be usedLet’s consider the mode T at the input of the modulator
as an alternative approach for millimeter waves [5]; howevegFig. 1). After traveling through the circulator, the rectangu-
in this case, very strict limitations exist for phase errors andr—to—circular waveguide transition and the polarization filter,
the insertion loss level. To satisfy these heavy requirementse mode Tk, transforms to the vertically polarized mode
the authors are using Fox's [7] principle of phase changin@E;; of the circular waveguide. This vertically polarized mode
This method has the advantage of low phase errors andsaransformed to the circularly polarized mode;Thvith the
low level of the accompanying amplitude modulation and wawlp of a polarizer. Then the incident circularly polarized mode
successfully applied for developing a spiraphase-type phadds ; is reflected by the control section. The control section is
array [6]. This paper describes the amplitude-phase modulatawjlt in such a way that the reflected wave may be considered
as a sum of two circularly polarized waves. One of these waves
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' - ’ : ' Fig. 2. The control diaphragm of the amplitude-phase modulator with four
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Fig. 1. The basic construction of the amplitude-phase modulator. . .
If valuesI"; andI' do not change while changing the angle
~, only the phase changes in the reflected wave.

waves, respectively. Then the horizontally polarized wave iS¢ one changes the absolute valuelof from I',,, to zero,

dissipated in the polarization filter, but the controlled wave i, amplitude of the controlled wave will reduce twice, but

transformed to mode Ti of the rectangular waveguide. Thenye phase of the controlled wave does not change its value.

the circulator is used to separate the incident wave from )&, the help of this method, one can control the amplitude

reflected one. o _of the reflected wave. At least whéh = I')|, one can reduce
The control section uses Fox’s principle of phase changinge amplitude of the controlled wave to zero.

One can consider the control section as a section of a Circ“|aFrherefore the phase of the controlled wave is determined

waveguide terminated in a short circuit with the contro(gmy by the angley, while the amplitude of the controlled
diaphragm in its cross section. The control section providgs, e can take values between 0 anfl dB.
different reflection coefficients; andI’; for two orthogonal

linearly polarized modes with vectors of electric-field density
E parallel to the axes”P’ and Q@’, respectively. Let one

assume that a circularly polarized incident wave propagatedn the simplest case, the control section can be realized as
toward the control section as follows: a thin \/2-dipole terminated in a short circuit, installed in

the cross section of thi/4-section of the circular waveguide
_ o terminated in a short circuit. Tha/2-dipole terminated in
E; = Eo(&, + je,)e™"* (1) a short circuit reflects a linearly polarized mode TEith
vector E parallel to the dipole and has no influence on
the mode TE; with orthogonal polarization. Therefore, an
itional differential phase shift of 18Cappears between
orthogonal components of the reflected wave. By rotating the
dipole, one can control the phase of the reflected wave. In

I1l. CONTROL SECTION DESIGN

whereE) is the amplitude of the incident wavé, andé, are
the unit vectors in thef and s directions, andj = /—1.

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

E, =0.5Ec* ([ = [ 1) (&, — j&,)e’™* this case, the velocity of the phase change is not sufficient
+0.5Eo (D) + 1) (@ +j&,)e? (2) for comr.nun.icatior? applications, so it.is necessary to use an
electronic simulation of the mechanical rotation. One can
where+ is the angle between the axisand the axis”’P’.  optain this simulation by using switching p-i-n diodes, which

The first component of the sum (2) is a circularly polarizegre sjituated on the surface of the control diaphragm.
wave with the same direction of rotation as veckgr which The control diaphragm for the modulator with the four
is the incident wave. One can control the phase of this waggssible phase conditions is shown in Fig. 2. The control
by changing angle. The second component of the sum is thgiaphragm is the system of connected slot resonators, which
wave with the opposite direction of rotation as vectr The consist of a ring slot 1 with an average diamelethe average
phase of this component is not changed by changing anglelength of the slot is\) and inductive radial stubs 2-5. These
The amplitude of the controlled wave is at its maximum whestubs are connected to the ring slot in series and the angle
[y =-T) = opi. 3) between the nearest stubs is°.45_l'he syvitching diodes 6—_9
are connected in parallel to the inductive stubs. At any time,
In this case, the amplitude of the uncontrolled wave, thhree diodes are switched on and one diode is switched off.
second component of (2), is equal to zero and the modulatoWhen diode 6 is switched off, the linearly polarized com-
has minimal possible loss, which is determined only bgonent of the incident circularly polarized wave with vector
the quality of the switching elements used. Therefore, it B, which is parallel to stub 2’s axis of symmetry does not
necessary to provide an additional differential 18thase excite significant fields in stubs 3-5 because these stubs are
shift between orthogonal components of the reflected wawhorted 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\/4. Excited fields of stub 2 are negligible also, o ]

due to the symmetry of the incident field and the diaphragm’s = L st
' i ) . = N

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 surfafd- 4. The equivalent circuit of the control section of the amplitude-phase
odulator with (a) four possible phase conditions and Xbpossible phase

of the Contr()l diaphragm have t_he same de.pendence on gbﬁjitions (for the scattering of the linearly polarized mode Fth vector
angular variable as the incident linearly polarized componerit.parallel to the axis of symmetry of the stub, where the switched-off diode

As a result, one has different values of the high-frequenéysituated).

(HF) currents that flow across the switched-on diodes. These

values depend upon the angular location of each diode ahe switched-on p-i-n diode and the inductance of the diode’s
are proportional tasin g, where é is the angle between theleads, respectively. The RF power dissipated in a switched-
electric-field vector of the exciting wave and the stub’s axis @ diode is proportional tein” #, while the equal RF current
symmetry, and is also the angle which determines the angullakvs across the circuits, which are equivalent to the switched-
location of each diode. on diodes [see Fig. 4(a)]. Therefore, the multiplication of the

When the frequency of the exciting field is equal to thdiode’s and stub’s impedance by trigonometric functiorf ¢
resonant frequency of the ring slot resonator, mode; T&n is used in order to conserve power relations. The transmission
pass through the control diaphragm without reflection. The nline terminated in a short circuit with characteristic impedance
load condition in the plane of the diaphragm for this linearly, and length)/4 is equivalent to the\/4-section of the
polarized component of the incident circularly polarized wavercular waveguide terminated in the short circuit. For this
is obtained by placing a metal wall at a distance\@# from case, the equivalent resistance of the control diaphragm at the
the control diaphragm. resonant frequencyos = \/2(L, + La)/(LiC1 (L, + 2La))

In order to determine the level of the insertion loss for thisan be determined according to the following equation (assume
case, one needs to build an appropriate model. The rigorahat the impedance of the switched-on diode is small compared
solution of the integral equation for the presented structure the input impedance of the stub terminated in a short
is available but quite complex, which makes its use in thercuit):
optimization process very difficult. Therefore, a simple model 2
is used based on the fact that the mentioned structure is Ry = [woslLr +2L4)]" (4)
similar to the ring slot resonator. The geometry of the ring slot 2rq
resonator and its equivalent circuit are illustrated in Fig. 3. In The control diaphragm for the modulator wifii possible
the ring slot resonator, the magnetic energy is stored mairipjase conditions ha¥ radial inductive stubs, with the angle
due to the electric currents. and I;, which flow across the between the two nearest stubs being°}80. In this case, one
right and left part of the outer conductive ring, respectiveljlasN — 1 switched-on diodes and one switched-off diode on
The electric energy is stored due to the concentration of tte surface of the control diaphragm. The equivalent circuit
electric field in the ring slot. The equivalent circuit usedor the control diaphragm of the modulator wifki possible
is a parallel resonant circuit with the resonant frequenghase conditionsN = 2™, m = 1,2,3,--:) is shown in
wor = v/(2/L,.Cy). It contains two equal inductancés, L, Fig. 4(b). The equivalent resistance of the control diaphragm at
and capacitanc€;. Now one needs to modify the presentethe resonant frequency can be evaluated as follows (the same
circuit in order to take into account the switching elements arséimplification is assumed and the relati@f:‘=1 sin? (27) =
the inductive stubs. Since only the right side of the ring sld§ is used):
resonator was changed (Fig. 2), the appropriate changes were 9
made in the equivalent circuit. The modified equivalent circuit Ry = 2won (Ly + NLa/2)] (5)
is presented in Fig. 4(a), wherlg is the inductance of the stub Nrq
terminated in a short circuit and;, Ly are the resistance of wherewy is the resonant frequency of the control diaphragm.




914 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 45, NO. 6, JUNE 1997

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

N [wor (L + (N/2 = D Ly)]*
N2 TeN = <— - 1)7’(1 + . (8)
Iq
2 lSN—éZ 2 Ry
182 Hence, at the resonant frequeng, the reflection coefficient

can be expressed as shown in (9) at the bottom of the page
= (assume that.y < Zp). Minimal insertion loss and rejection
Fig. 5. The equivalent circuit of the control section of the amplitude-pha¥f the uncontrolled wave occurs when absolute valueE of
modulator with possible phase conditions (for the scattering of the linearynd Fll are equal. Therefore, using formulas (7) and (9), it

fhoéa;'ti%d \mgri Ifé :Vviltirt‘c‘r’lggt_%rﬁEdgégog°2ﬁ ;?eg)‘e axis of symmetry of 5 ynssible to obtain an equation for the control diaphragm’s
' equivalent circuit optimization

Therefore, at the resonant frequency, the reflection coef- (N—-2)rq  2X7 _ NZora
ficient from the control section can be written as follows Zy ZoRy X%
(assuming thatR.,, > Zo):

Rox—Zo . 27

(10)

where X = wON(Lr-i-LdN/Q) = wON(Lr"FLd(N/Q—].)),

r, = ~1— . (6) since the lead’s inductance is relatively small.
Ren +Zo Ren By resolving (10) with respect toX;, it is possible to
One then substituteB, x of (5) into that of (6) to obtain formulate an equation for obtaining optimal?
NZ()Td
' =1- . 7 — 9\ _9\2, 2p2 2,
. [won (Ly —i—NLd/2)]2 0 X%opt :_<N 2)7de+\/(N 42) 7de+8NZ07de'
Now, assume scattering of the linearly polarized component (11)

of the incident circularly polarized wave, in which vectBy
is orthogonal to the axis of symmetry of stub 2, where the If one uses p-i-n diodes with typical valuesmf2-6Q, Ry
switched-off diode 6 is situated (Fig. 2). Stub 2 is excite8-15 K2, and for V < 16, one can simplify (11) by ignoring

by the wave of this polarization. The equivalent circuit ofhe first component under the root and the first term of the
the control diaphragm of theév-discrete modulator for this numerator. These simplifications are equivalent to ignoring the
case is shown in Fig. 5 (the relatioEf:‘r:]L sin? (’}\?) = % second term of (9), hence, one assumes that a decrease in the
was used to simplify the circuit). The length of each stulibsolute value of | occurs only due to the finite value &

was chosen to obtain the series resonance of the conginl half of the dissipated millimeter-wave power is dissipated
diaphragm with the same resonant frequency as for the paraitethe switched-off diode. Therefore, one has

resonant circuit in the case mentioned above. The series y )

resonant circuit contains inductanég + Lq(N/2 — 1) with Xfopt = (Won(Ly + NLa/2))" = Zo\/NraRa/2. (12)
reactanceX; and the parallel connection of two reactive
elementsCy, L, with reactance—X; (where Cy; and Ry

The value ofX 2 is determined mainly by the parameters of

are the capacitance and parallel resistance of the switchglF- ri_ng slot resonatqr. C.OHSUUC“O” of the control diaphragm
off diode, respectively). Therefore, the equivalent impedan grmns one to ot_)tam different valqes o T_he resonant

of the control diaphragm is a small active resistance at t gauency of the ring sIoF resonator is determined only by the
resonant frequency. The incident wave of this polarization EJ:[ragef I?r?gth of tTet fing, bl:t onoe}(canb chak?ge 'the t(aluallty
reflected by the diaphragm with a reflection coefficient th ?_Zt%r c:‘th € Irlr;glts_o reso_lrolla cir ( L) by tfw angllngX) €

is approximately—1, hence, an additional differential phas dth ot the St(r)1. 'Ijtr?oistlh € Iotlncreas? eDva ue .i th

shift of 180 is provided between orthogonal linearly polarize y Increasing the wi ot the siot resonator. Decreasing the

Lo . lot's width leads to a decrease in the valueXf. Hence,
components of the reflected wave. By switching the diodes 0?186 has the possibility of changing the values6f to obtain

can simulate the mechanical rotation of the control diaphragif, timal value. B bstituti 12) into (7 is able t
so one now has an additional phase shift in the reflect optimai value. By substitu ing (12) into (7), one is able to
obtain the value of’,; as follows:

circularly polarized wave.
It is possible to calculate an equivalent resistance of the [2NTy
FO})t - 1 - R .

control diaphragm in the case of the series resonance accord- (13)
ing to the following formula (assuming that the inductive
impedance of the diode’s leads is small compared to theTherefore, one can now find the formula for the inser-

reactive impedance of the switched-off diode and that thien loss in the optimized modulator withv possible phase

ren=Zo | 2ren (V= 2)ra , 2won(Le + (/2= DLa)]”

=& Tl 9
TeN + Zo Zo Zo ZoRg ®)
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conditions TABLE |
THE MINIMAL LEVEL OF INSERTION LOSS AND THE MAXIMUM
9 2Nry PowER LEVELS FOR THE N-DISCRETE MODULATOR
Loyt = 10loglpi” ~ 10log | 1 — 2 i (14)
d N=4 | N=8 | N=16

The insertion loss is determined only by the parameters of Lopt:dB | -0.45{-0.65 | -0.95
the switching elements and the number of the possible phase Pinmax,W | 510 | 3.61 | 2.55
conqmonsN. L . o Pihmax,W | 2.55] 1.80 | 1.28

Since many system applications require a significant level
of millimeter-wave power, it is desirable to obtain closed- PihmacW | 1 2 4

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 O
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 diod&,,., and the thermal T i
considerations (or maximum power dissipation in the p-i-n Cu layer $i0 layer
dIOd? Prnax)- Accor(_jlng to preY'OUS anglyss, the _SWIFChedI':i . 6. The control diaphragm of the amplitude-phase modulator with eight
off diode operates in the heaviest conditions, dissipating hg[?ssime phase conditions.

of the total dissipated millimeter-wave power. Using formula

(13), one can evaluate the level of RF power dissipated by the

switched-off diode IV. M ODULATOR DESIGN AND PERFORMANCE
—nE(1_ 2\ p
Fog = 0.5(1 = Lopt”) Pin < Pruax (15) " A Circuit Description
where P,, is the input millimeter-wave power. The final construction of the control diaphragm of the
Now one can obtain one of the two maximum power levehodulator with eight possible phase condition$, @5°, 90°,
limitations 135, 18, 225, 27(°, 317) is shown in Fig. 6. Inductive
R ) stubs are situated uniformly over the ring slot resonator to
P, < #Pmax =P mox- (16) obtain approximate symmetry of the control diaphragm. The
Td

form of the stub chosen was trapezoidal to reduce the length of
The second maximum power-level limitation one can obtathe stubs. All bias circuits and switching diodes were situated
by substituting in (16)P.x = V.2,./(8Ry) is as follows: on the surface of the thick (0.4-mm) copper plate. Special
attention was paid to the reduction of the insertion loss in the

po<ct L ey (17) bias circuits. Bias circuits and metal—dielectric-metal filters for

=8V 2N Ryry X T mmax the separation of RF and dc currents were fabricated on the

gopper plate using special thin-film technology, proposed by

Now consider the operation of the amplitude-phase mo . ) . .
ulator with amplitude modulation under the assumption th tkachko. A thin (5um) Si0, layer was used as a high-quality

each p-i-n diode operates as a linear resistor even with snfff'ectric. The inner part of the ring slot resonator was made

forward bias currents. In this case, the heaviest situatidn glass microfiber reinforced polytetrafluorethylene (PTFE)

exists when—6 dB of attenuation is obtained and half of thénaterial with a dielectric constant of 2.5 and a thickness of

input power is dissipated in the switched-on diodes. Pongfalectnc of 60 ,m. This inner part was connected to the

dissipated in the diode which operates under the heavi qin copper plate by soldering. The radius of the circular

conditions, may be evaluated in accordance with the formu aveguide was 3.6 mm and the dimensions of thg inner
and outer radius of the ring slot resonator were obtained by
P

applying the optimization process described above.

Diaphragms of the polarization filter were fabricated on the
. e . microfiber reinforced PTFE material, the width of the dipoles
Now one can obtain the third limitation for the input powe\rNas 400um, and the value of the matched thin-film chromium
(19) resistor was 2152. The rectangular-to-circular waveguide

transition was a stepped transition with length 10.5 mm and

Calculated values of, ., P,.... and P, are shown standing-wave ratio (SWR) less then 1.07 in the 36-37.5-GHz
in Table I. The calculations were made for the following parequency range. The polarizer was a differentiat 8@ction
rameters of the diode?,,.x = 250 mW, V... = 100 V,r4 = of a finned circular waveguide with length 15 mm, and SWR
3Q,Rg =10 kQ, Ty = 25 °C. less then 1.1 in the 36—-37.5-GHz frequency range.

-PiHGdB = < -Pmax- (18)

17

-Pin < N -Pmax =

inmax*
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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
—— Ap=n —F—— Ap=51/4 | while the diode’s direct current is decreasing. This change
164 —— AQ=31/2 —*— Ap=Tm/4 of the amplitude does not cause significant phase changing in
o the reflected wave (see Fig. 10). Finally, more then 23-dB iso-
Fig. 8. Measured insertion loss of the amplitude-phase modulator (the d@ation was obtained in the 36—37-GHz frequency range when
culator’s insertion loss is excluded). the forward bias current was applied across all eight diodes.

INSERTION LOSS (dB)

B. Experimental Results V. CONCLUSION

The measured results are depicted in Figs. 7 and 8. TheA millimeter-wave amplitude-phase modulator, using the
phase shift for the eight possible phase conditions of the maublarization principle of phase changing has been successfully
ulator is given in Fig. 7. In the 36—-37.5-GHz frequency rangégsigned, fabricated and tested. The fabricated three-bit phase
peak phase errors are less tharfd all eight phase conditions modulator demonstrated accurate phase performance (peak
of the modulator. Measured insertion loss is presented in Figegors were less therfh a low level of insertion loss (1 dB),
(the circulator’s insertion loss is excluded). An insertion losgnd a low imbalance level (0.3 dB) for the two arbitrarily
of 1+0.15 dB was obtained for all possible phase conditions 6f0sen phase conditions in the 36-37.5-GHz frequency range.
the amplitude-phase modulator in the 36-37.5-GHz frequenkfe modulator can switch up to 400 mW of RF power with
range, therefore, amplitude imbalance between two arbitrarfly SWitching time less than 35 ns, therefore, it is suitable
chosen phase conditions is less than 0.3 dB. The insertf@f @pplication in millimeter-wave communication systems.
loss is quite near to the predicted level (Table 1), so insertiddnally. the possibility of changing the amplitude of the
loss in the bias circuits is negligible. Switching time less tha@tPut signal from 0 to-6 dB with an accompanying phase
35 ns was achieved, the modulator was able to switch 'HPdUIat'OH less than3was demonstrated.
least 400 mW of RF power without any significant change
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