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Abstract

The combination of a dipole and a tunable varactor forms a phase shifter with one tunable component that provides a phase
shift over a wide range, from 0° to nearly 360°. The dipole, loaded with a tunable varactor, is used as a patch component of a
low-profile reflectarray antenna. An economic assessment shows that the production price of the suggested phase shifter with
one tunable component is more than 10 times smaller than the price of the traditional phase shifter, based on p-i-n diode
components. The design of such a phase shifter is the goal of this paper. Simulations of the phase shift and loss of the
reflected wave as a function of control voltage applied to the varactor were used, based on an analytical model verified by full-
wave analysis. The results of simulations are in agreement with measurements. The fast and correct simulation of the
reflection coefficient from the dipole loaded with the tunable varactor can be used for the design and optimization of a low-
profile steerable reflectarray antenna.
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1. Introduction component (the varactor) [17]. The general relationship between
the figure of merit and the commutation quality factor was dis-
cussed earlier for the example of a phase shifter with a ferroelectric
tunable component [18]. Such a procedure for characterizing the
phase shifter will be used for the phase shifter with one tunable
component to which this paper is dedicated.

low-profile reflectarray antenna consists of rectangular
microstrip-patch radiators. The patch radiators form a set of
reflectors that convert a spherical wave radiated by a primary
radiator into a plane wave (Figure 1). The phase shifts of the waves
reflected by different radiators are specified to convert the spheri-
cal wave into the plane wave. In order to exclude large phase

incursions, the principle of the Fresnel mirror is used. U i
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There is a lot of experience in designing low-profile reflectar- / T~\

ray antennas [1-6]. A tunable reflectarray can be formed by a set of ,' :
dipoles loaded with tunable varactors, which can be realized as Ty Lk lliiy Voae) AT

semiconductor or ferroelectric devices [7]. A dipole loaded with a “ :

|

varactor is shown schematically in Figure 2. In Figure 3, one can
see a fragment of the reflectarray surface covered by the set of
dipoles loaded with tunable varactor diodes. A set of versions of
tunable antenna structures, based on RF MEMS switches, semi-
conductor, or ferroelectric-tunable components, has been described
[8-16].

!
&
i 1
— . .
Primary radiator
Ground

A combination of a dipole and a tunable varactor forms a Dielectric Plane wave front
phase shifter with one tunable component that provides a phase

shift over a wide range, from 0° to 360°. The design of such a Spherical wave front

phase shifter is the goal of this paper. The characterization of any Set of patches
type of phase shifter is given by the figure of merit (FM) of the
phase shifter. The numerical value of the figure of merit is deter- Figure 1. A schematic of the low-profile reflectarray antenna

mined by the commutation quality factor (CQF) of the tunable consisting of rectangular microstrip-patch radiators.
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Figure 2. A sketch of the dipole loaded by the tunable varactor.

Figure 3. A photo of a part of the reflectarray surface, covered
by the set of dipoles loaded by the tunable MA46H70 varactor.

The design of an antenna array is based on modeling the ele-
mentary equivalent waveguide cell containing a patch radiator at
the interface between free space and the grounded substrate layer.
The fundamental task of the problem discussed is to develop a pro-
cedure for the calculation of the reflection coefficient of a linearly
polarized wave that is normally incident upon the patch radiator.
An analytical-model approach to the problem has been developed
on the basis of the solution to the telegraph equations applied to the
dipole loaded with the tunable varactor diode. A full-wave analysis
simulation was used to verify the adequacy of the analytical model.

Measurements of the phase shift and loss of the reflected
wave as a function of the control voltage applied to the varactor
were used to verify the simulation results. A special measurement
setup for testing a phase shifter was designed. An economic
assessment showed that the production price of the suggested
phase shifter with one tunable component is more than 10 times
smaller than the price of a traditional phase shifter based on p-i-n
diode components [19].

The reflectarray, designed as a set of dipoles loaded with tun-
able varactor diodes, can be used as a low-cost steerable antenna,
suitable for a wide variety of commercial applications [7, 10-16].
In [11], applying a microstrip patch with two varactor diodes in the
gap was offered. The phase-agility range was very promising.
However, there was no mathematical approach for such an
antenna-design methodology. The authors of [13] offered a radiat-
ing patch aperture-coupled to a transmission line loaded with two
varactor diodes. A very interesting solution was described in [12].
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However, since it was not a full planar structure, the surface-
mounting technology of the varactor was inapplicable, and there-
fore this solution might be quite costly for complex phased arrays.

2. Fundamentals of the Phase Shifter with
One Tunable Component

2.1 Theory

The equivalent presentation of a reflection-type phase shifter
is shown in Figure 4. Parallel and series versions of the resonant
circuit can be considered with equal correctness. An ideal imped-
ance transformer can be included between the transmission line
with characteristic impedance Z; and the resonant circuit. The the-
ory applied for the series circuit will be considered. The duality
principle should be used to transform formulas for the parallel-
resonant circuit into formulas for the series-resonant circuit.

The impedance of the circuit shown in Figure 4a can be writ-
ten as follows:

i L _ix Jo 24
Z(f,q)—zXofO 'X°fn+1+R’ )

where g is the tuning parameter; # is the tunability of the capacitor,
1<g<n;and f is the center frequency. The components of the

schematic shown in Figure 4a are included in Equation (1) by the
following relations:
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Figure 4. Simplified schematics of a reflect-type phase shifter.
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The reflection coefficient for the circuit (Figure 4a) can now be
presented as follows:

Z(f’q)_ZO

o io(f.q) _
I'(f,q)= J = 3
(f+9)=[r(f>q)le Z(5,0)* 2,

4

From Equation (4), one obtains the modulus of the reflection coef-
ficient,

2

_|m{z0 0l Hzo-relzra)]

. {Im[Z(f,q)]}z+{Zo+Re[Z(f,q)]}

IC(/.9)

and the phase shift of the reflected wave with respect to the inci-
dent wave:

qo(f,q)=2arctan{Im|:Z(f,q)/Zo:|}. (6)

The last equation is correct for the case Re[Z (f ,q)] < Z. The
loss of the reflection-type phase shifter is defined as

L(f.q)=-2010g[|T(f.q)|] [dBI]. ©)

In Figure 5, the phase shift and loss are shown as functions of tun-
ing factor, g, for different frequencies, f. As examples, the follow-
ing parameters of the model were used: n=4, Z;=50ohms,

X, =400 0hms, R=100hms, f =9 (case 1), 10 (case 2), and 11
(case 3) GHz.

The phase difference, maximum loss, and reactance at the
edges of the tuning range are given by Equations (8)-(10), respec-
tively:

5¢max=¢(f0’n)_¢(f0’1)’ (8)
n+l
Lmax:L(fO’Tj’ ©®

X(f)=m[Z(£.)].
(10)
Xy (f)=mm[Z(f,n)].

One can suppose the requirement that the maximum phase differ-
ence and the maximum loss do not depend on the frequency in a
frequency range of about 20%. At the frequency f = f;, one

obtains from Equation (1)

n-1

X (fo)=-X%2(f0)=Xo— (11)

n+l’

Combining Equations (6), (8), and (11), one obtains

Xy n-1
8o, =darctan| =2 —— |. 12
a2 5

For Re[ Z(f.q)] < Zo and f = fo, Equations (7) and (9) give
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jo = e (13)
Z

On the basis of Equation (12), Equation (13) can be rewritten in the
following form:

z =8.68§(—Rn—+1tan(6—¢'l’ﬂ). (14)

2.2 Figure of Merit of the Phase Shifter

The figure of merit (FM) is defined as follows:

A
F=—"F, 15
; (15)
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Figure 5a. The phase shift of the reflected wave with respect to
the incident wave as a function of the tuning factor, g, for dif-
ferent frequencies f; £10%.

4

L(f.q),dB
[ (P

0

Figure 5b. The loss of the reflected wave with respect to the
incident wave as a function of the tuning factor, g, for different
frequencies f; £10%.
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where Ay is the phase shift in degrees; for a reflection-type phase
shifter, L is the loss in dB.

Thus, in accordance with Equations (14) and (15), one may
write the figure of merit of the phase shifter in degree/dB as fol-
lows:

Prmax
_ A 180Xn-1 ) (16)
8.68 7 2R n+1m(5¢zmj

Comparing Equations (13) and (16), one obtains

Pmax
1 _@XI‘X2 4

868 7 R tan(‘s"’;"“x

]. (17)

2.3 Commutation Quality Factor

The commutation quality factor (CQF) of the tunable compo-
nent (the varactor) is defined as [17]

2
K=(X1R—;\’2) : (18)
1Ry

where X, X,, R, and R, are the constituents of the impedance

of the tunable varactor, taken in two states. For a semiconductor
varactor with R; = R, , Equation (18) can be rewritten as follows:

K=(1-n)’ 0, (19)

where

Now we can combine Equations (17) and (18). Taking into account
Equation (19), we have

F =1(8@max)VK , (20)
where
OPrmax
7(6Pmax ) = 6.6 —2—— [degree/dB]. @1)
tan ( ——5(0;"“ )

Figure 6 presents the factor 7 as a function of the maximum phase
difference in the frequency range of 9 to 11 GHz. It is important to
stress that for 6¢,,,, —360°, Equation (14) gives L, —>» and

Equation (21) gives 7(6¢,,,.) —> 0. Consequently, 3, =360°
cannot be realized. For 6¢,,,, =300°, one obtains 7(300)=2.2.
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In accordance with Equations (20) and (21), for 8¢,,,, =300° one
obtains the figure of merit of the phase shifter as follows:

E=22%. (22)

A semiconductor varactor can be characterized by the tunability,
n=35 to 6, and the quality factor at a frequency of 10 GHz, Q=6
to 8 [17, 19]. Thus in accordance with Equation (19), the commu-
tation quality factor of a semiconductor varactor at f =10 GHz can
reach K =1000. In accordance with Equation (22), one has
F =75deg/dB. In the case of &p,,,, =300°, that gives a maxi-

mum loss L, =4dB.

Let us exclude the factor ¢ from Equations (6) and (7), and
obtain the dependence of loss on the value of the phase shift. Com-
bining the phase shift and loss presented in Figure 5 and defined by
Equations (6) and (7), we can find the insertion loss of the phase
shifter as a function of the phase shift. The result of the simulation
is shown in Figure 7.

The equations for the figure of merit of different versions of
microwave phase shifters were developed in [17, 18]. It is known
that for a phase shifter in the form of a transmission line with tun-
able phase velocity,

|
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OPmax, degree

N(OPmax)
o = N WA N
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Figure 6. The factor 7 in the formula for the figure of merit of

the reflection-type phase shifter with one tunable component as
a function of the maximum phase difference, 5¢,,,,, .
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Figure 7. The loss of the reflection-type phase shifter with one
tunable component as a function of the maximum phase differ-
ence, 6@,
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F=66JK . (23)

For a digital phase shifter with more than three bits, one has
F=835JK . (24)

In addition to the known formulas of Equations (22) and (23),
Equation (24) widens the characterization of the figure of merit
applied to the microwave phase shifters of different types.

2.4. Characteristic Features of the
Reflection-Type Phase Shifter with One
Tunable Component

The following features characterize the phase shifter consid-
ered:

1. Increasing the phase shift is followed by increasing the
loss. The reasonable maximum tunable phase shift is
taken to be 300°, which is quite enough for designing a
reflectarray antenna.

2. In the process of beam steering, the phases of different
radiators are distributed over the reflectarray antenna’s
surface. Hence, the loss can be averaged over the
reflectarray antenna. In accordance with Figure 6, the
averaged loss can be taken approximately as half the
maximum loss.

3. The commutation quality factor of the varactor used in
the phase shifter with only one tunable component is
required to be higher than the commutation quality
factor of the tunable components of traditional phase
shifters [17, 18].

3. A Model of an Array Formed by a Set of
Tunable Reflecting Components

In order to simplify the theory of the tunable array, we sup-
pose that the mutual influence between the radiators is neglected.
That can be justified, to a considerable extent, by the absence of
periodic phase distributions along the array. The absence of the
phase periodicity is explained by predetermination of the array to
transform a spherical phase front into a plane phase front [20].
Therefore, one may separately calculate the reflection from any
dipole belonging to the array.

Figure 8 illustrates the decomposition of the array into a set
of virtual waveguides. Each waveguide is an element of an infinite
array. A virtual waveguide is formed by “electric” and “magnetic”
walls. Electric field lines are normal to the “electric” walls, and
magnetic field lines are normal to the “magnetic” walls. Such a
distribution of the field corresponds to the Ty, waveguide mode.

The subscripts “00” are used to stress that electric and magnetic
fields do not depend on the coordinates in the cross section of the
virtual waveguide considered.

One tunable dipole is situated inside the virtual waveguide.
The schematic diagram for the positioning of the dipole loaded
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with the tunable varactor is shown in Figure 9. Let us use the plane
in which the dipole is situated as a reference plane for the defini-
tion of the phase of the reflection coefficient. In the reference
plane, the dipole and the section of the waveguide between the
dipole and the ground plane are included in parallel. The imped-
ance of this parallel junction determines the reflection coefficient,
F( U ), in which we are interested. It is easy to calculate the

input impedance of a waveguide section. It is much more compli-
cated to find the impedance of the waveguide containing the dipole
loaded with the tunable varactor.

4. An Analytical Model of the Dipole
Loaded by a Tunable Varactor

An analytical model represents a set of simple formulas that
make it possible to simulate the impedance of the dipole as a func-
tion of frequency, dimensions, the position towards the waveguide
walls, and the capacitance of the included varactor. The analytical
model is based on an approximate method of simulation. The
simulation is very fast, and can be used for optimization of the
structure. Using the analytical model makes it possible to obtain a
first approximation of the design.

Electric wall ~ Vector of electric field in a plane wave

E—>

Magnetic wall

a4

Figure 8. The decomposition of the array into a set of virtual
waveguides. A virtual waveguide is formed by “electric” and
“magnetic” walls.

|r|'ei¢’(U)

Varactor
~

<

Dipole in form
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b

Dielectric substrate

d

Fundamental
reference plane

Figure 9. The position of the dipole loaded with the tunable
varactor in the virtual waveguide.
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4.1 Equivalent Circuit of the Dipole

A tunable varactor with capacitance (C, ) is included in the

center of each dipole (Figure 9). A microstrip-line section, situated
on the dielectric substrate with a perfect ground plane, represents
the dipole loaded with the tunable capacitor. We consider the
effective dielectric constant and the characteristic impedance of the
microstrip-line section forming the dipole [21]:

:€d+1+

gg—1
Eeﬁ‘ 5 d

2\1+10H/w’

% 12071'/ \/Ze} 38

= =
1+3.42—2.44ﬁ+(5j
H w w

(25)

where H is the substrate thickness and w is the width of the dipole.
The impedance of the dipole loaded with C, (we consider two

halves of the dipole connected in series) is

zp(f,Cy)=-i2Zg cotky (I+Al)+ +r+ioly, 27)

v

where 7 is the resistance responsible for loss in the capacitor and
the dipole, kg =27/Ay, Ay is the wavelength in the microstrip

line, 2/ is the length of the dipole, 2Al is the correction of the
effective length of the dipole associated with the capacitance of the
open end of the dipole, and L, is the inductance introduced by the

varactor.

The dipole is included in the waveguide through the trans-
former with an effective transformation coefficient 7. The trans-

formation coefficient will be defined in the next section.

4.2 The Transformation Coefficient
Between the Dipole and
the Too Waveguide Mode

In order to find the transformation coefficient between the
dipole and the Ty, waveguide mode, one needs to find the current

distribution along the dipole.

We now formulate the main concept of the model considered
[22]:

1. Only the electric field of the Ty, mode excites the current
along the dipole. One should take into account that far from the
dipole, the current in the dipole excites only the Ty, mode. The
amplitude of the dipole current and the amplitude of the Ty, mode

represent an electromagnetic pair for which the reciprocity theorem
is valid. The application of the reciprocity theorem can be con-
fronted with the method of “induced electromotive force,” which
has been actively used in antenna theory for many decades [23].
The electromagnetic fields of the evanescent modes H,,, and E,

play the important role of forming the field just near the dipole and
the current distribution along the dipole.
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2. The current distribution along the dipole is determined by
the telegraph equations. As an external exciting field in the equa-
tion, the electric field of the Ty, mode is used.

dI(x)

=—-ioCU (x),

(28)
dU (x)

= —ia)LII(X)+ E&Xl 5

where C; and L; are the capacitance and inductance per unit
length of the dipole, and E,,, is the electric field of the Ty, mode
just on the dipole. We will use the approximate formulas for the
dipole as a microstrip line, Equations (25) to (27), which include
the values of C; and Z;. Actually, the values of C; and L; are

determined by the energy accumulated by the evanescent modes
H, nrand B

The coordinates of the dipole (Figure 10) lie in the limits
—/<x<l. The boundary conditions for the solution to Equa-
tion (28) are

(29)
0.5
U(0)=-22-1(0),

where C,, is the capacitance of the tunable varactor.

The solutions to Equation (28) in the form of the current and
voltage as functions of coordinates are shown in Figure 11. The
jump of voltage at x =0 is equal to 2U(0), and corresponds to the

voltage drop on the capacitance of the tunable varactor. Using the
Poynting theorem, one can calculate the excitation of current at the
dipole by the incident Ty, wave, and excitation of the Ty, wave

radiated by the dipole. As a result, the transformation coefficient
between the dipole and the T, waveguide mode is found:

T

L

Figure 10. The layout of the dipole loaded by the varactor in
the virtual waveguide.

[

)

2

IEEE Antennas and Propagation Magazine, Vol. 50, No. 4, August 2008

Authorized licensed use limited to: Irina Vendik. Downloaded on November 1, 2008 at 05:37 from IEEE Xplore. Restrictions apply.



l
1

P
bt

0
Voltage, U(x)

Cv
Coordinate, x
=1
Coordinate, x

1

—

0.5
Current, I(x)

Figure 11. The current and voltage as functions of coordinates
along the dipole: solutions to Equation (28).
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Figure 12. The equivalent circuit of the dipole included in the
virtual waveguide.

i L L Wl 00 tan (kg!/2)
0= T\ kgl \ kgl tan(kgl) oCyZg| kpl/2 '

(30)

4.3 The Tunable Reflection Coefficient of
the Dipole in the Virtual Waveguide

The equivalent circuit of the dipole included in the virtual
waveguide is shown in Figure 12. The admittance of the parallel
junction of the dipole and the short-circuited waveguide section is
written as follows:

2
1 : @31)

Y(f,Cv):

o
+

ZD (f’Cv) i—ZO—tan(de)

Jea
where zp (f, Cv) and n, are given by Equations (27) and (30),
Z,=1207 ohms, ¢, is the dielectric constant of the substrate
material, H is the thickness of the substrate, and k; is the wave

number of the microstrip-line section forming the dipole.
As was mentioned above, the reference plane is the plane in
which the dipole is placed. The reflection coefficient with respect

to the reference plane is written as follows:

IEEE Antennas and Propagation Magazine, Vol. 50, No. 4, August 2008

YO‘Y(f’Cv)

AT )

(32)
Yo=25'.

The phase shift in degrees, and the insertion loss in dB, of the
phase shifter can then be found:

(p(f,cv):%arg[r(f’cv)], (33)
L(f,C,)=-20log[|T( e g (34)

The result of a simulation of the phase shift as a function of
the varactor capacitance for a frequency of 12 GHz is shown in
Figure 13. The simulation was done for a dipole with the following
dimensions and characteristics: 2/ =8mm, w=3.5mm,
H=1.0mm, g; =28, L=20mm, r=2.7ohms, Al =0.525mm,
and Ly =0.07 nH. The parameter A/ was calculated using known
microstrip formulas [21]. Ly was taken as an approximate parame-

ter of the varactor used.

Figure 14a presents the dependence of the varactor capaci-
tance on the biasing voltage. Substituting the dependence of the
varactor capacitance on the biasing voltage into Equations (33) and
(34), and taking into account the previous simulation, we have
found the phase shift and the insertion loss as a function of the
biasing voltage (Figure 14b and 14c).

180 I I T
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a S 2
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Phase shift, degree
A
n

©
S
l

-135—

180 | =
1.0 08 06 04 0.2

Capacitance of the varactor, pF

Figure 13. A simulation of the phase shift as a function of the
varactor capacitance for a frequency of 12 GHz.

59

Authorized licensed use limited to: Irina Vendik. Downloaded on November 1, 2008 at 05:37 from IEEE Xplore. Restrictions apply.



5. Full-Wave Analysis and Experimental
Verification

5.1 Verification of the Analytical Model by
Simulations Based on a
Full-Wave Analysis

In order to verify the analytical model described above, a
code based on the Spectral Domain Method of Moments (MoM)
was used [24, 25]. Specific entire-domain basis functions were
used [26] for the structure of printed transmission lines formed by
the dielectric and metal layers. In order to approximate an
unknown current density in the dipole, we had to expand compo-
nents of the current-density vector in a series of chosen basis func-
tions. The Galerkin procedure was implemented to find the vector
of unknown basis-function coefficients. The Galerkin procedure
made it possible to transform the integral equation with respect to
the current-density functions into a system of algebraic equations
with respect to the coefficients of the basis functions. The code
obtained was efficient because of the combination of a high calcu-
lation speed with a highly accurate analysis. The MoM simulation
enabled finding the current distribution along the dipole. The
dipole is situated in the virtual waveguide section as shown in Fig-
ure 9. The reflection coefficient for the Ty, mode in the virtual

waveguide was obtained as a result of simulation. The phase shifts
of the reflected wave as a function of the dipole’s length for the
dipole without a loading capacitor were simulated using the MoM
code and the analytical model. The results of the simulation are
shown in Figure 15. The phase shift was a function of the dipole’s
length. The parameters used in the simulations were f =25 GHz;
virtual waveguide dimension L =6mm; width of the dipole
w=1mm; for the substrate, £; =2.22; H =0.787 mm. The small
discrepancy between the data obtained from the analytical model
and the data of the MoM analysis confirmed that the model
parameters Al and L; were correctly defined.
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S | | | | | |
@ 2004 S5 8 M 1D

Biasing voltage, V'

Figure 14a. The varactor capacitance as a function the biasing
voltage: a simulation with the formulas of the analytical model.
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Figure 14b. The phase shift as a function the biasing voltage: a
simulation with the formulas of the analytical model.
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Figure 14c. The insertion loss as a function the biasing voltage:
a simulation with the formulas of the analytical model.

5.2 Experimental Investigation of the
Reflection-Type Phase Shifter with
One Tunable Component

The measurement-setup for measuring the phase shift and
insertion loss of the reflection-type phase shifter is shown in Fig-
ure 16a. The dipole loaded with the tunable varactor was placed
not in the “virtual waveguide” but in a real waveguide with metal
walls. The cross section of the waveguide was 18 mm x 23 mm.
The TE;, waveguide mode was used. Figure 16b presents a photo

of the dipole, loaded with the adopted tunable varactor, to be
placed in the waveguide with the cross section of 18 mm x 23 mm.
The important part of the measurement equipment was the phase
meter, which made it possible to obtain the set of the phase and the
modulus of the reflected wave. The ratio of the reflected and inci-
dent wave moduli determines the insertion loss of the phase shifter.
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Figure 15. A comparison of simulations using the MoM and the
analytical model for the dipole without a loading capacitor.
The phase shift is a function of the dipole’s length.
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Figure 16a. The test bench for the measurement of the phase
shift and the insertion loss of the reflection-type phase shifter.

Figure 16b. A photo of a tested phase-shifter cell equipped with
the MA46H120 varactor.
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Figure 17a. The results of the measurement of the phase shift
of the reflection-type phase shifter as a function the biasing
voltage.
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Figure 17b. The results of the measurement of the insertion
loss of the reflection-type phase shifter as a function the bias-
ing voltage.

The results of the measurements of the phase shift and the
insertion loss of the reflection-type phase shifter are presented in
Figures 17a and 17b. The measurements were performed at fre-
quencies of 11.8 GHz and 12GHz. A MACOM varactor,
MAA46H120, was used. The capacitance of the varactor was varied
from C,,;, =0.18pF to C,,, = 0.9pF. The series resistance in the

equivalent circuit of the varactor was R =2.7 ohms. The dimen-
sions of the dipole were 2/ =8 mm and w=3.5mm. The substrate
had a thickness of H =1mm and a dielectric permittivity of
€4 = 2.8.

The measured data (Figures 17a and 17b) were in good
agreement with the simulated data presented in Figures 14b and
l4c. A comparison of the model and measurement data shows that
the discrepancies in the phase shift were not higher than 15° and
the discrepancies in the loss were not higher than 0.5 dB.
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6. Conclusion

The design procedure and a practical examination of the
reflection-type phase shifter with one tunable component has been
described. Such phase shifters are promising for use as basic com-
ponents of a low-cost steerable reflectarray antenna. The known
parameters of the available varactors and the practice in the design
of the phase shifter make it possible to conclude that the realization
of such a low-profile steerable reflectarray antenna can be obtained
in a frequency range from 5 GHz to 35 GHz.

One should take into account that designing an electronically
tunable reflectarray is a computerized procedure including two
parts: 1.) designing a unit cell, consisting of a radiating dipole or
patch, and 2) optimization of the array structure aimed at obtaining
a small sidelobe level and a high directivity over all of the scanning
range. One needs to use a fast and correct simulator of the tunable
unit cell in order to tailor the optimization code.

The authors of [27], in which all parts of the modeling and
design of an electronically tunable reflectarray were considered,
wrote about “the future optimization” of the antenna designed with
respect to the sidelobe level and the “unaccounted power loss.” In
the general case, the optimization of the electronically tunable
reflectarray can require simulation of the response of many differ-
ent unit cells, because the array can be non-homogeneous. In par-
ticular, the dispersion of the incidence angle of the waves from the
primary radiator to a certain unit cell should be taken into account.
That is why the simulator of the unit-cell phase shifter must be as
fast as possible. In the papers dedicated to the tunable reflectarray
we may find no information about the simulation procedure of the
unit phase shifter or may find references to an “in-house finite-
difference time-domain electromagnetic simulator” [27] or to the
known Ansoft HFSS simulator [28]. It seems that in both cases, the
simulation of the unit cell is not fast enough to be included in the
code of the array optimization.

The analytical model of the combination of the dipole and the
phase shifter presented in this paper is the basis for the realization
of a very fast code for simulation of the unit-cell response. The
realization of such a code and the design of an optimized tunable
reflectarray are the next promising steps in the simulation and
design of electronically tunable reflectarrays suitable for wide
commercial application.
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8. Appendix:
The Transformation Coefficient Between
the Dipole and the Ty, waveguide mode.

Equation (30), for the transformation coefficient n,, was

obtained on the basis of the solution of Equations (28) with the
boundary conditions of Equation (29) for the current distribution
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along the dipole. The solution to Equations (28) with the boundary
conditions of Equation (29) gives the current distribution along
half of the dipole:

](x):ih{coskzx+a|:sinkx+sink(l—x)]_1}, (35)

ol coskl +asinkl
where
a= i3 : (36)
vaZB

The notation used is the same as in Equations (26) to (29).

Let us consider the dipole as a load included in a cross sec-
tion of the waveguide with the Ty, mode. We follow the method

presented in the textbook [29, p. 282], and take into account that
the transverse magnetic field is discontinuous across the region
where the dipole is placed. The imaginary part of the dipole
impedance represents the net reactive energy stored in the field of
the evanescent modes in the waveguide. We consider the excitation
of the current at the dipole by the incident T, wave and the excita-

tion of the T, wave radiated by the dipole. We introduce the inci-
dent waves, E;, ., , falling symmetrically upon the dipole from the
both sides of the waveguide, and the radiated wave, E,,;, which is

emitted by the dipole into both directions in the waveguide. The
current in the dipole is exited by E,,,, which is formed as a sum of

incident and radiated waves:
Epy = 2Eincid ~Lopad - 37

The power emitted by both halves of the dipole and transported by
the Ty, wave in two directions in the waveguide can be written as
follows:

/
B =E,4q2 [I(x)dx. (38)
0

Now, we use the following relations between the inductance per
unit length, Z;, the wavenumber of the wave traveling along the

dipole, kg, and the dipole characteristic impedance, Zp :
CULI =kBZB s (39)

After integration of Equation (38) and taking into account Equa-
tion (36), we obtain

tan(kpl/2
H=Erad2Eml-l——l—{ st i, 195 [an( !/ )—l}},

zp kg | kgl tankgl oC,Zp| kyl/2
(40)
where / is the length of half of the dipole, and
Zp :—iZBCOthl+ 05 . (41)
ioC,

v

We then replace zp by zp in the form of Equation (27). We take
into account that the dipole consists of two symmetrical parts, and
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that the impedance of the tunable varactor includes the small
inductive impedance of constructive components and the resistance
responsible for the loss. Thus, Equation (40) can be represented as
follows:

v [ 1
XY G SRR S
ATt sz(f,Cv)kBl{kBl tan k!

0.5 {tan(kslﬂ)_l}}. @)

wC,Zy|  kpl/2

At the same time, the power radiated by the dipole can be written
in the form

1
P =2E2, Z—L2, (43)
0

where L is the cross-sectional size of the virtual waveguide (Fig-
ure 10), and Z; =120z ohms.

On equating the radiated power given by Equations (42) and
(43) (P, = R), we obtain

1 T e 1
2EradZ_0=Eext ZD(f’Cv) 2 kBl{k—Bl_tan(kBl)
0.5 | tan kBl/Z)—l
oC,Zp kBl/Z
(44)

Using Equation (37), we may rewrite Equation (44) as follows:

2 ne
E, Z_O = (2Eincid =Fd ) % (; C ) > (45)
Pl o

where the following notation is used:

ol [ i 1 0.5 [ tan(kpl/2)
It e S + =1
L\ kpl\ kgl tan(kpl) oCyZp| kgl/2

(46)

Remembering that we introduced the symmetrical incident waves,
E,,.i4 » falling upon the dipole from both sides of the waveguide,

and the radiated waves, E,,;, we introduce the symmetrical
reflected waves, E, ¢, traveling into both sides from the dipole:

Eref =Ejncia —Eraa - (47)

Thus, the reflection coefficient for the symmetrical waves in the
waveguide can be defined as

L= Eref / Eincia - (48)

Eliminating E,,; from Equations (45) and (47), we find that
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1
2—22D(f,Cv)—ZO
ezt ; (49)

1
2;22D(f,cv)+20
)

The characteristic impedance of the waveguide with the Ty, wave
is 1207 ohms.

For symmetrical waves, the doubled impedance shunting the
waveguide must be included in the expression for the reflection
coefficient [29]. The dipole placed in the waveguide can be con-
sidered as a shunt circuit with an impedance of

1
Z shunt (fa Cv)=n_22D (f’cv)a (50)
0

where n; has the meaning of the transformation coefficient. Thus,
Equation (30) in the text of the paper is substantiated as Equa-
tion (50) of the Appendix. The equivalent admittance of the dipole
coupled with the Ty, wave should be written in the form that is

used in Equation (31), in correspondence with Figure 12.
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