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1-bit Reconfigurable Unit-Cell Based on PIN Diodes
for Transmit-Array Applications in X-Band

Antonio Clemente, Student Member, IEEE, Laurent Dussopt, Senior Member, IEEE, Ronan Sauleau,
Senior Member, IEEE, Patrick Potier, and Philippe Pouliguen

Abstract— An electronically reconfigurable unit-cell with 1-bit
phase quantization (0°/180°) is proposed for X-band linear
polarization transmit-arrays. It consists of two rectangular patch
antennas loaded by U- and O-slots and connected by a metallized
via hole. The transmission phase is controlled using two PIN
diode switches integrated in the O-slot. An equivalent lumped-
element circuit model is implemented and compared successfully
to full-wave simulations. The numerical results are validated
experimentally using an ad-hoc waveguide simulator. The
prototype exhibits low insertion loss (1.8 dB) with the same level
for both phase states, a broad 3-dB transmission bandwidth
(14.7%), a 1-dB compression point of 13-15 dBm and a gain of 5
dBi at 9.75 GHz. The performance and simplicity of the proposed
unit-cell make it attractive to build electronically steerable
transmit-arrays in X-band.

Index Terms— Active unit-cell, active
antennas, reconfigurable antennas, discrete lens.

transmit-array

I. INTRODUCTION

OW-COST and simple electronically-steerable antennas,

such as reconfigurable transmit-array antennas (or discrete
lenses), are attractive for real-time beam-forming and beam-
steering at microwaves and millimeter waves. Automotive
radars [1],[2], high data-rate wireless personal and local area
networks [3],[4], and high resolution imaging systems are
some examples of applications requiring advanced antenna
systems.

A transmit-array [5]-[9] typically consists of two planar
printed antenna arrays operating in receive (Rx) and transmit
(Tx) modes respectively. The array elements are coupled or
interconnected using phase shifters in order to control the
phase distribution in the radiating aperture so as to collimate
the radiated beam in a given direction (7x mode) or to focus
the incident energy at the focal point (Rx mode) similarly as
dielectric lens antennas [10]-[12]. They are also attractive for
integration onto various platforms since they do not suffer
from feed blockage effects (in contrast to reflect-arrays).
Finally, their quasi-optical feed eliminates the loss and
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complexity of standard beam-forming networks traditionally
used in phased arrays.

Quasi-optical power-combining has been an early
application of transmit-arrays to mitigate the limited power
capabilities of solid-state devices in space or military antenna
systems [13],[14]. Since then, beam reconfiguration became
the main research focus as many applications require either
reconfigurable beamforming, electronic beam-steering or
multi-beams capabilities. Beam-steering can be easily
achieved by varying the position of the focal source
[9],[15],[16]. Likewise, multi-beam capabilities may be
achieved using multiple focal sources. Electronic beam-
scanning is a more challenging goal as it requires a
reconfigurable transmit-array, similarly to the case of the
reflect-arrays [17].

Several reconfigurable transmit-arrays have  been
demonstrated recently using varactor diodes, phase-shifters or
MEMS devices [18]-[20]. While these concepts were
successfully demonstrated, the experimental antenna

efficiency values were severely limited due to the complexity
of the array unit-cells which resulted in high insertion losses
and/or lack of reliability. In theory, unit-cells with a high
phase resolution (i.e. a large number of phase states) are
desirable to achieve high beam scanning performances.
However, such cells require many active devices to control the
phase states, which results in several limitations [18]-[20]:
higher insertion loss, variation of the insertion loss as a
function of the phase state, complexity of the design
procedure, integration issues inside a unit-cell whose size is
typically in the order of half a wavelength.

Therefore, if power efficiency is a primary concern, a
relaxed phase resolution may be chosen at the cost of higher
quantization losses. Quantization losses do not correspond to
actual power losses but only a reduction of the focusing
capabilities of the array, i.e. a lower directivity and aperture
efficiency. Our previous work on X-band and V-band transmit-
arrays showed that, as for reflect-arrays [17], a 1- to 2-bit
phase resolution (180° and 90° phase steps, respectively)
typically results in a quantization loss of 1 to 4 dB [8],[15]. It
is interesting to note that a similar trade-off on phase
resolution vs. complexity occurs in reflect-array antennas
[21],[22]. We believe that such arrays, with relaxed
specifications on side-lobe level, would find applications in
the domain of wireless communications such as point-to-point
radio links, metropolitan area networks, or satcoms, as well as
some low-cost radars for surveillance or traffic monitoring.

We introduce here a new configuration of unit-cell with 1-
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bit phase resolution in X-band [23]. It uses only two PIN
diodes and a single biasing signal. This design exhibits low
insertion loss and a wide transmission bandwidth independent
of the phase state. Its operation principle and lumped-element
equivalent circuit model are explained in Sections II and III
respectively. Simulation results are provided in Section III and
validated experimentally in Section IV, which includes also
radiation and linearity characterizations. Finally conclusions
are drawn in Section V.

II. 1-BiT UNIT-CELL: LAYOUT AND OPERATION PRINCIPLE

The proposed unit-cell is represented in Fig. 1. It consists of
a rectangular patch antenna (7.03x8.2 mm?) loaded by a U-slot
on one side and a patch antenna of same size loaded by an O-
slot on the opposite side. Both patches are connected by a
metallized via hole (d, = 0.38 mm) located at their center.
They are printed on two identical substrates (Rogers RO4003,
&.aup = 3.55, tand = 0.0027, h = 1.524 mm) separated by a 18

the patch antenna. The bias line is very thin and close to the
ground plane, so that it does not interact with the patch
antenna. This is very important in prevision of the realization
of a large transmit-array with many bias lines running in
parallel. We have validated by full-wave simulations that the
performance of the unit-cell is not modified with at least five
bias lines on each side of the unit-cell.

The two PIN diodes are oriented in opposite ways as shown
in Fig. 1b, so that they are biased in opposite states when
using a single biasing signal. Therefore, the O-slot is always
short-circuited at one of its ends and thus resembles to the U-
slot of the passive patch. Depending on the bias current sign,
the incident field is thus transmitted in phase or with a 180°
rotation, resulting a 1-bit differential phase-shift (0°/180°).

All geometrical and electrical parameters are summarized in
Table I.

TABLEI
MAIN FEATURES OF THE UNIT-CELL

pum-thick copper ground plane and are bonded by a RO4403 Parameter Value
film (gr',/‘ilm =3.38, h, = 0.09 mm) Unit-cell size 15 mm x 15 mm
' Patch size L=7.03 mm, W=282mm
Active microstrip patch Slot size L.=3mm,=009mm, W, =222 mm
Rogers RO4003 (&, = 3.55, tand = 0.0027, h =
- . . Substrate
RO4403 film yias d, |.— Bias line I 1.524 mm)
| h Bonding film Rogers RO4403 (&, sim = 3.38, h, = 0.09 mm)
< v Connection via d,=0.38 mm
Ground plane lh Ground plane opening dy=0.6 mm
Bias via dpias = 0.15 mm
! Passive microstrip patch ! PIN diodes MACOM AlGaAs flip chip MA4AGP907
I |
I 1
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Fig. 1. Geometry of the unit-cell. (a) Cross section view. (b) Active patch with
two PIN diodes in the O slot. (c) Passive patch loaded by the U slot. Unit-cell
size: 15%15 mm? (y/2%14/2 at 10 GHz).

The U-slot loaded patch (Fig. 1c), referred to as the passive
patch in the following, is connected to the ground plane for
biasing purposes through two vertical via holes (dy,s = 0.15
mm, Fig. la); the latter are located along the median line of
the patch where a near-zero electric field is expected.
Although a single connection is necessary for biasing, a dual
connection was preferred to keep symmetry, and thus led to
lower cross-polarization levels. Two AlGaAs flip chip PIN
diodes [24] are integrated in the O-slot loaded patch (active
patch (Fig. 1b). This patch is connected to a narrow (0.21 mm)
bias line through a vertical connection (dp,; = 0.15 mm)
similar to the passive patch. A dummy vertical via hole was
also inserted on the opposite side to preserve the symmetry of

III. MODELING OF THE UNIT-CELL

A. PIN diodes: experimental characterization and modeling

A diode has been mounted in series on a coplanar
transmission line and measured using coplanar probes (Fig.
2a). A full 2-ports calibration has been applied at the ends of
the coplanar line. The electrical parameters of the diode
equivalent model (Fig. 2b and 2c) in the on and off states
[24],[25] have been derived by fitting measurements and
simulations. The measured reflection and transmission
coefficients are represented in amplitude (Fig. 3a) and phase

(Fig. 3b), for forward (S, S, , Iys = 10 mA) and reverse
( S]R]ev , SRev

s Viias = 5V) biasing, respectively.

The series resistance was found to vary from 8.6 Q to 3.6 Q
as a function of the biasing current in the range 1-10 mA. All
simulation results presented in this paper assume a forward
bias current of 10 mA. For this bias value, the nominal values
of the electrical model (Zpy) are R, = 3.6 Q, and L; = 0.05 nH.

For reverse bias (Vs = 5 V, off-state), the electrical model
(Zorr) is given by C, = 42 fF, R, = 300 kQ, L, = 0.05 nH.
Additional measurements have shown that these parameters
are very stable for a reverse voltage in the range of 1 V and 20
V.

It is important to note that the diodes are mounted on the
unit-cell in an anti-parallel configuration as illustrated in Fig.
1b. This means that the off-state diode is reverse biased by the
forward threshold voltage of the on-state diode, which is on
the order of 1.22 V. This reverse voltage was found to be
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sufficient to guarantee a good isolation.

4100 pm La La
S §250 pm
Ry C R,
f’ PIN Diode
() (b) (c)

Fig. 2. (a) Fabricated prototype for the experimental characterization of the
PIN diodes. Equivalent model of the PIN diode: (b) forward bias (Zoy), (c)
reverse bias (Zogr).
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Fig. 3. Measured and modeled S-parameters of the PIN diodes in the forward
(Ipias = 10 mA) and reverse (Vyies = 5 V) bias states: magnitude (a) and phase
(b). Solid line: measurement. Dashed line: electrical model.

B. Description of the lumped-element electrical model

An equivalent electrical model of the reconfigurable unit-
cell is proposed in Fig. 4. In this model, all lumped elements
are described analytically and take into account the physical
parameters of the structure:

o  Each slot-loaded patch is represented by two impedances:
Z} and Z! for the passive patch, and Z, and Z; for
the active one. The superscripts P and A stand for
‘Passive’ and ‘Active’, while the subscripts P and S stand
for ‘Patch’ and ‘Slot’,

e  Both patches are coupled to input/output 377 Q free-space

ports through ideal transformers,

e The PIN diode equivalent circuit (Zoy and Zpgp, for
forward and reverse bias, respectively) are connected to
the active patch. The OFF diode (Zygr) is in parallel with
the slot (Zg), while the ON diode (Zoy) is in series

between the active patch and the via connection. As the
diodes are integrated on a radiating element, it was found
that an additional capacitor (C,; = 25 fF) was necessary to
take into account the bulk GaAs body of the diode; this
value was extracted from electromagnetic simulations,
e The T-network (L,, C,, L,) models the metallized via
connecting both patches.
The derivation of these parameters is described in the
following section.

C. Analytical derivation of the lumped elements

U-slot microstrip patch antennas have been investigated in
several papers [26],[27]. They exhibit a dual resonance
behavior: the first resonance corresponds to the first resonant
mode TM;, of the microstrip patch, and the second one is due
to the U slot. Their approximate expressions have been
derived in [26] and are given below

fi= < :
\/g(iL+3AL+WS+;LSj (1a)
f= c
2 (1b)

JZ lL+K+§AL+§LS—WS+£
4 2 2 4 4 2

c is the speed of light in vacuum, and the patch length
extension 4L is given by

(£, +0.300)(W / h+0.264)
(£, —0.258)(W /h+0.813)

where ¢, is the effective dielectric constant of the substrate
[28]p. 267].

To represent this dual-resonance behavior, the passive and
active patches are modeled as a combination of a shunt

parallel RLC resonator (Z;" = (R,’:’A,L’;‘A,C,’f”’)) and a series
complex impedance (Z!" =R!"+ jX!") (Fig. 4). Z;, and

Z} are derived using the cavity model for the fundamental

TM,, mode [28],[29]
-1
1 a1
zh =[R§’A + joCh" + ijI;A} , 3)

where

(4a)

C}[;,A _ gOSr,subLW COS—2 ﬂ.yO ,
2h L
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Fig. 4. Lumped-element electrical model of the 1-bit unit-cell.
9
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Chion (4b) = T (8)
’ fi 2” ”Cdv gr,sub fi
P,A — 1 h
! ! (2ﬂf1 )2 (40) C, = €&, 27—+

Q, is the quality factor due to dielectric, surface wave, and
ohmic losses [28]p. 281],[30]p. 853], and y, is the distance of
the excitation point from the closest radiating edge. In contrast
to a standard microstrip patch, the effective position of the
excitation point is not well defined here because of the U-slot.
It is located somewhere between the vertical via at the center
of the patch (L/2) and the top of the U-slot (L — Ly)/2). We
have found that the value y, = 0.43L was leading to a good fit
between the model and the electromagnetic simulations.

The resistance R}* (Eqn. 4b) corresponds only to the loss

in the radiating elements. The radiation resistances are taken
into account in the transforming ratio (7""") of both coupling
transformers

T =R gy ()

where 77, = 377 Q is the free-space wave impedance and R
is the radiation resistance of the patch

RP,A — Qr
Tooconf ©)

Cy, is the total static capacitance [31], and Q, the quality factor
due to radiation loss [31],[32] p. 186].

The impedance of the loading slots ( Z; and Z{') is derived
as the parallel combination of three short slots: two identical
ones ( Z; ) for the two vertical arms of the U shape, and Z{’
for the central part of the slot
Z,Z§

ZP,A =RP,A + XP,A =875
§ s s zl+27"

(N
Z{ and Z{ are derived in Appendix A.

Finally, the equivalent model of the T-junction (L,, C,, L,)
is given by [28]

r,sub N
tn| % ©
d

v

where 4 is the thickness of the substrate, C the Euler’s
constant, y, the magnetic permeability of free space, d, the
diameter of the metallized via, dj, the diameter of the opening
in the ground plane, and 4, is the thickness of the ground plane
(18 um).

TABLE II
'VALUES OF THE LUMPED ELEMENTS AT 10 GHz
Passive patch Active patch Via hole
c’, 12.0 pF c, 11.3 pF L, 1.18 nH
L, 22.2 pH ', 23.8 pH Cn 7.78 fF
R, 433 Q R, 465 Q
R, 753Q R, 77.1Q
R”, 0.26 Q R, 025Q
Cr, 0.19 pF o 0.20 pF

D. Numerical results

Table II summarizes the lumped element values obtained at
10 GHz with the model described above. The theoretical

values of C. and C{ equal 0.18 pF. They have been
optimized (C{ = 0.19 pF, C{= 0.20 pF) in order to have a
better fit between theoretical and simulated S-parameters. This
variation is attributed to the finiteness of the patch and the
presence of the ground plane which is not taken into account
in the slot model (Appendix A), as well as the two bias lines
not accounted for either. The values of the two patch models
are slightly different because of the thickness and dielectric
constant of the bonding film under the active patch

Full-wave simulations have been also performed with
Ansoft HFSS v.12 for both phase states (0° and 180°) of the
unit-cell. The cell is illuminated by a plane wave under normal
incidence. Periodic boundary conditions are applied on four of
the boundaries defining the computational domain. In these
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simulations, the PIN diodes are represented as lumped RLC
elements (R; = 3.6 Q, L, = 0.05 nH for the on-state diode (Fig.
2b), and C, = 42 fF, R, = 300 kQ for the off-state diode (Fig.
2¢)), and a block of GaAs material (0.68x0.36x0.19 mm® [24],
g =12.9).

The theoretical amplitude and phase of the reflection (S;;)
and transmission (S,;) coefficients are compared in Fig. 5. A
good agreement is obtained between the equivalent lumped-
element model and the full-wave simulations. The simulated
insertion loss is 1.88 dB at 9.75 GHz, and the 3-dB
transmission bandwidth spans from 8.88 GHz to 10.35 GHz
(14.7%). As shown in Fig. 5a, the simulated S;; and S,; are
slightly different in the two states; this small difference is
attributed to the asymmetry of the passive patch and the weak
interaction between the active and passive patches through the
connection via and the opening in the ground plane. As
expected, a 180° transmission phase difference is obtained
between the two states. The transmission phase computed with
the electrical model is in good agreement with the one
simulated for the 0° state; the 180° state is not given by the
lumped model of Fig. 4 because this phase state originates
from the physical orientation of the patch, which can not be
represented as a lumped component.

-10

Magnitude (dB)

—— HFSS, 0° state
—— HFSS, 180° state| ]

35 | \ \ n
8.5 9 9.5 10 10.5 11 11.5
Frequency (GHz)

@
180 — . . T~

Transmission phase (deg.)

] —— HFSS, 0° state
* ——HFSS, 180° state|]

-135
S0 N Model
-180 . . . =
8.5 9 9.5 10 10.5 11 11.5
Frequency (GHz)
(®

Fig. 5. S-parameters of the unit-cell obtained from the lumped-element model
and the HFSS simulations: (a) magnitude, (b) phase. The lumped-element
model is given in Table II. The PIN diode equivalent circuit is the one
provided in Section III.A for /4, = 10 mA in the on state.

Since a good agreement is obtained between the simulated
and modeled S-parameters, the equivalent circuit model can be

further used to investigate the robustness of the proposed unit-
cell with respect to fabrication uncertainties and diode
characteristics. To this end, we have performed an exhaustive
parametric study of this design. We have found that the most
sensitive parameters impacting the frequency response of the
unit-cell are the series resistance of the forward-biased diode
(Ry), the capacitance of the reverse-biased diode (C,), and the
connection via diameter (d,). R, primarily affects the insertion
loss of the unit-cell which varies from 1.16 dB to 1.93 dB for
R, = 1-4 Q. Figs. 6 and 7 represent the S-parameters for three
values of C; (30 fF, 42 {fF (nominal value), and 65 fF) and
three values of d, (0.32mm, 0.38 mm (nominal value) and 0.44
mm). These two parameters have a significant impact on the
impedance matching of the unit-cell.

IV. EXPERIMENTAL CHARACTERIZATION

The unit-cell has been fabricated (Figs. 8a and 8b) and
characterized in an ad-hoc waveguide simulator. In order to
guarantee the continuity of the waveguide walls through the
prototype, two rings of vias and a large ground plane are used.
The measurement setup includes two standard WR-90
waveguides (22.86x10.16 mm?) and two ad-hoc rectangular-
to-square (15x15 mm?) waveguide transitions (Figs. 8c and
8d). In contrast to [33], an ‘incidence’ angle can not be clearly
defined in this waveguide measurement set-up because of the
tapered rectangular-to-square cross-section on both sides of
the unit-cell under test. Instead, the transition length (3.75
mm, i.e A,/11 at 10 GHz where 4, is the guided wavelength for
the TE;, mode in the rectangular waveguide) has been chosen
in order to obtain similar S-parameters as in the ideal case of
periodic boundary conditions (PBC) and normal incidence.

0

Magnitude (dB)

-30

-35 ! . .

85 9 9.5 10 10.5 11 11.5
Frequency (GHz)

Fig. 6. Influence of the diode reverse capacitance on the S-parameters of the
unit-cell. The lumped-element model is given by Table II. The PIN diode
equivalent circuit is the one provided in Section III.A for /s = 10 mA for the
on state and C;, = 30-65fF for the off state.

A. Frequency response

The S-parameters of the unit-cell have been measured
between 8.5 and 11.5 GHz. The experimental set-up has been
calibrated using a TRL two-port (Through-Reflect-Line)
procedure with the reference planes defined at the output of
the waveguides (the two transitions are not included in the
calibration). The forward bias current equals 10 mA. The
experimental frequency response is represented in Fig. 9. As
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expected, the measured S;; and S,; coefficients are very
similar in both states; the minimum insertion loss equals 1.9
and 1.7 dB at 9.8 GHz in the 0° and 180° phase state,
respectively. The 3-dB transmission bandwidth is equal to 1.5
GHz (15% at 10 GHz). The difference between the measured
transmission coefficients in both states is less than 0.4 dB in
the transmission band. Two different HFSS result series are
also shown in Fig. 9: the first one was obtained using PBC and
Floquet ports, as explained in Section III.D; in the second one,
the complete measurement set-up is simulated (waveguides,
transitions, and unit-cell). As one can see, both simulations are
in good agreement with the experimental data, and the full
simulation model is even in better agreement with the
experimental data. Table I1I compares the experimental values
of the insertion loss for both phase states as a function of
biasing current. It highlights the trade-off to be made between
power consumption and insertion loss. The lowest losses
(1.58-1.76 dB) are obtained for a bias current of 20 mA, which
would lead to large power consumption. The bias current can
be reduced by a factor of 2 (10 mA) or 4 (5 mA) at the
expense of 0.1 dB or 0.3 dB of additional losses, respectively.

5k Y 2 1 ]

Magnitude (dB)
8 & o

Y
(93
T

L

——D, =320 um N
=30 F[ e D, =380 pm 1
——D, =440 um
-35 1 i 1 L '

8.5 9 9.5 10 10.5 11
Frequency (GHz)

11.5

Fig. 7. Influence of the via hole diameter on the S-parameters of the unit-cell
(Ipias = 10 mA for the on-state diode, C, = 42 {F for the off-state diode). The
lumped-element model is given by Table II for d, = 380 um. For d, = 320 um,
the new values of L, (Eqn. (8)) and C,, (Eqn. (9)) are 1.22 nH and 5.65 fF,
respectively. For d, =440 um, L, = 1.13 nH and C,, = 11.4 {F.

Finally, the computed and measured differential phase
response is represented in Fig. 10. Here again, the
experimental results are very satisfactory since the maximum
phase deviation is less than 13° (compared to the ideal value
180°) between 8.5 GHz and 11.5 GHz.

TABLE II1
MEASURED INSERTION LOSS AT 9.75 GHz

Unit-Cell 0° Unit-Cell 180°
Blas(:ll:; ent Insertion loss (dB) Insertion loss (dB)
20 1.76 1.58
10 1.87 1.68
5 2.08 1.86
3 233 2.08
2 2.6 234
1 3.34 3.04

®

(d)

Fig. 8. (a,b) Photographs of the unit-cell prototype: active patch side (a) and
passive patch side (b). (c,d) Photographs of the rectangular-to-square
waveguide transition: WR-90 waveguide side (c) and unit-cell side (d). The E-
plane is vertical in all these photographs.
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Fig. 9. Measured, analytical (electrical model) and simulated (HFSS) S-
parameters of the unit-cell in the 0° state (a) and 180° state (b). Simulations
were performed both with periodic boundary conditions (PBC) and using the
complete measurement system (WG).
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B. 1-dB compression point

As this unit-cell is intended to be used in transmit-array
applications, it is important to estimate the maximum input
power that can be delivered by the primary source to ensure a
linear response of the array. To this end, we have measured
the 1-dB compression point of the unit-cell. The experimental
set-up is represented in Fig. 1la. Several intermediate
measurements were performed to determine the characteristics
of each block (amplifier gain, waveguide and cable losses) and
extract the effective incident power P;, on the unit-cell. The 1-
dB compression point of the unit-cell was found to be lower if
the diodes are on the side of the incident wave (Diode IN) than
if they are on the side of the outgoing wave (Diode OUT);
indeed, in the latter case, part of the incident power is reflected
or absorbed as losses in the passive patch antenna before
reaching the diodes.

The transmission coefficient has been measured in both
phase states for a forward-bias current ranging between 2 mA
and 20 mA. The results obtained for the 0° phase state at 9.75
GHz, when the incident power illuminates the active patch
(Diode IN), are represented in Fig. 11b as a function of P,,. It
shows that the 1-dB compression point ( P.~*) varies between

15.2 dBm (/s = 20 mA) and 14.6 dBm (,;,; = 2 mA). In Fig.
l1c, the 1-dB compression point is plotted as function of
frequency for both phase states, and both orientations of the
unit-cell. It exhibits a significant variation as a function of
frequency. The two orientations result in a compression point
difference of 1-2 dB, corresponding roughly to the insertion
losses.
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Fig. 10. Measured and simulated (electrical model and HFSS) differential
phase-shift between both phase states of the unit-cell.

From these results, it is interesting to evaluate a lower
bound of the maximum transmission power for a typical
transmit-array based on this unit-cell. The power radiated by
the focal source Ppg and the incident power impinging on the
central cell P, of the transmit-array are related by

p oA

= P
s G, A

e (10)
Phy

where F is the focal distance, Grg is the gain of the focal
source, and A, is the area of the unit-cell. If we consider, as
an example, the X-band transmit-array designed in our
previous work [15] (F = 260 mm, Ggg = 10 dBi, 20%x20
elements), the maximum power that can be transmitted by the

focal source to guarantee a linear operation of the array is
around 41 dBm (12.5 W) for a bias current of 20 mA and 40
dBm (10 W) for a bias current of 2 mA in case of Diode IN
orientation and around 42 dBm (16 W) for a bias current
between 2-20 mA in the case of Diodes OUT orientation. As
this evaluation is performed for the compression limit of the
central unit-cell (P. = P.") and as the other unit-cells of the

array receive a lower incident power, the actual compression
point of the transmit-array is expected to be higher than the
values mentioned above.
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Fig. 11. 1-dB compression point of the unit-cell. (a) Measurement setup. (b)
Transmission coefficient at 9.75 GHz as a function of the incident power P;,
for several values of the forward bias current (0° state). (c) 1-dB compression
point as a function of frequency for both phase states and both orientations:
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Diodes IN: diodes on the side of the incident wave, Diodes OUT: diodes on
the side of the outgoing wave.

C. Measurement of the unit-cell radiation pattern

The radiation patterns of the unit-cell have been measured in
far-field for both states. The gain was determined with a 10-
dBi standard gain horn antenna. The unit-cell has been
mounted at the end of a WR-90 waveguide using the same
rectangular-to-square waveguide transition as in Figs. 8c-d.
The second face of the unit-cell is left open so that its
radiation pattern can be measured. Fig. 12 represents (i) the
gain radiation pattern measured at 9.75 GHz in the two
principal planes for the 0°-state and (ii) the differential phase-
shift between the two states. The unit-cell exhibits a gain of 5
dBi at broadside (8 = 0°); it is in good agreement with the
simulations performed in the same configuration (waveguide
feed on one side of the unit-cell and free-space on the other
side). The small asymmetry observed on the radiation pattern
measured in E-plane is very likely due to the fabrication
uncertainties such as the position of the central via being
slightly off-centered and the position of the PIN diodes not
perfectly symmetrical. The gain radiation patterns obtained in
the 180° phase state are nearly identical (the gain difference is
lower than 0.1 dBi), which will guarantee a good amplitude
distribution across a transmit-array based on the proposed
unit-cell.
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Fig. 12. Simulated (HFSS) (a) and measured (b) gain radiation pattern (0°
state) and differential phase-shift of the reconfigurable unit-cell at 9.75 GHz
(Ibius =10 mA)

It is important to note that the actual radiation gain of the
unit-cell in the array environment will be slightly different
than the one measured in this experiment, due to the
surrounding unit-cells. Simulations using periodic boundary
conditions to mimic an infinite array indicate a theoretical gain
of 4.7 dBi and 3.8 dBi for the passive and active patch
respectively.

V. CONCLUSION

An electronically reconfigurable unit-cell with two phase
states has been presented for linear-polarization transmit-
arrays in X-band. It consists of two slot-loaded rectangular
patch antennas (passive and active patch) connected by a
metallized via. The phase response is controlled by activating
two PIN diodes integrated on the active patch.

The proposed design has been modeled with a lumped-
element circuit derived from analytic formulas and further
optimized with full-wave simulations. To validate the
numerical results, a prototype has been manufactured and
tested in an ad-hoc waveguide simulator. The
characterizations include the frequency response, the power
response and the radiation pattern. A good agreement has been
obtained between the analytical model, the full-wave
simulations and measurements.

The main advantages of this unit-cell are its wide
transmission bandwidth with constant phase-shift, and its low
insertion losses nearly independent of the phase state.
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APPENDIX A
VERTICAL AND HORIZONTAL SLOTS IMPEDANCE

In Section I11.C, the complex impedance Z!** of the U-slot
is defined as the parallel combination of two vertical slots and
a horizontal one (Eqn. 7). Their impedances are labeled Z

and Z!', respectively.

The Booker’s extension of the Babinet’s principle [30]
shows that it is possible to calculate the self impedance of a
slot etched in a large ground plane using the duality principle
with an electric dipole. As explained in [34], the presence of a
dielectric substrate (of permittivity ¢,) close to the slot can be
taken into account in the dual problem by a magnetic substrate
with a permeability u,. = ¢, close to the dielectric dipole. Based

on this principle, the slot impedances Z{ and Z! in Eqn. (7)
are estimated by

2

ZVH _ n

S 4z

(In

where 7 is the wave impedance of the magnetic substrate and
Z8" =R+ jX7" s the impedance of the (dual) electric
dipoles.

For a thick dipole antenna, i.e. a dipole whose width can not
be considered much smaller than its length, an approximated
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expression of the self impedance is proposed in [35] where the
current distribution along the dipole is the same as along a
lossy transmission-line

V.H
Rd

. ac . (2nf. J
sinh(aL,,)- Sln(i'zLx
:n_o{ln(LS_"']l} ) — - (12a)
7 t cosh(aLs.h)*Cos(szLs,hj a
c
s sinh(aLx’h)+sin(%LM
X;”H:_%{ln(m]_l} - T (12b)
z t cosh(alj’,,)—cos[szLs,h]
c
. 2
(")
a= (12¢)

L\-h
2L, ,|In T -1

where L, = W, — 2t, and L; is the length of the vertical arms of

the

slots (Fig. 1b). Eqns. (12a)-(12c) are used to compute

Z5" in Eqn. (7).
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