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ABSTRACT The reliability of phased array antenna can be improved with the self-repairing technology,
and the existing self-repair method based on the TR module reconfiguration has problems such as slow
calculation speed and difficulty in calculating the elements’ mutual coupling, which is difficult to meet
the application requirements. In this paper, a novel phased array antenna structure with self-repair ability is
proposed. Based on the embryological electronics (embryonics), a novel phased array antenna structure with
TR cell as the basic unit is constructed. The faulty TR cell can be detected and removed, and its influence
on the phased array antenna’s performance can be eliminated. The function and connection of faulty TR cell
can be implemented by the normal TR cells and idle TR cells, the performance of phased array antenna can
be repaired in real-time. TR cell, TR cell array and input/output switching control module are designed. The
simulation tests show that, the phased array antenna with various fault conditions can be repaired in real-time
based on the proposed structure, and the performance of phased array antenna can be repaired to the initial
normal state with enough idle TR cells in array. Even without the idle TR cell, the performance of phased
array antenna with fault can be improved through the self-repair. A new way for the design of phased array

antenna design with self-repair ability is provided.

INDEX TERMS Embryonics, faulty cell elimination, phased array antenna, self-repair, TR cell.

I. INTRODUCTION

Phased array antenna is widely used in modern radar equip-
ment due to its high power, high gain, and fast beam scanning.
Phased array antenna is composed of a large number of
TR modules and elements, and the amplitude and phase of
each element’s signal can be changed through TR module.
The high-power, high-gain, and differently directed beams
can be synthesized. A large number of TR modules are the
basis of the phased array antenna. As the increase of the TR
module’s number, the probability of phased array antenna
failure is increased. The phased array antenna’s performance
could be declined with the TR module’s failure [1], [2],
which seriously affects its intended design function. At the
same time, the phased array antenna is complicated, and its
faulty components are difficult to be repaired. Especially in
the aerospace, battlefield and other application environments,
the fault cannot be repaired in time.
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When the fault occurred on several modules among numer-
ous TR modules in phased array antenna, the remaining
normal TR module in phased array antenna could be reconfig-
ured with self-repair and correction technology [3], [4], and
phased array antenna’s performance could be corrected and
repaired [5], [6].

In the current research, when the fault is identified,
the excitation and its control code [7] of remaining ele-
ments [8] or compensation sub-array [9] is recalculated.
The corresponding TR modules are reconfigured to min-
imize the difference between the original pattern and the
repaired pattern in presence of faults [10], [11]. There-
fore, researchers have paid great attention to the excita-
tion recalculation, and different calculating methods have
been studied. Some intelligence optimization algorithm based
schemes have been reported, including genetic algorithms
(GA) [7], [12]-[14], adaptive genetic algorithm (AGA) [15],
firefly algorithm (FA) [12], [16], [17], particle swarm
optimization (PSO) [10], [18], quantum particle swarm
optimization (QPSO) [19], bacteria foraging optimization
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(BFO) [10], cuckoo search algorithm [20], cuckoo search—
chicken swarm optimization (CSCSO) [21], flower polli-
nation algorithm [22], [23], recursive intelligent optimizer
(RIO) [24], whale optimization algorithm (WOA) and chaotic
whale optimization algorithm (CWOA) [25], grey wolf opti-
mizer hybridized with an interior point algorithm [26], greedy
sparseness constrained optimization (GSCO) technique [27],
differential evolution (DE) algorithm [28], Taguchi algo-
rithm [29]. Iterative Fourier transform (IFT) [5], [30], [31]
and quantized IFT (QIFT) [32] is another method for cal-
culating the excitation of remaining elements. Besides the
calculation methods based on intelligence optimization algo-
rithm and IFT, there are other techniques based error min-
imization scheme, such as cumulative sum (CUSUM) [11],
matrix pencil technique (MPT) [33]-[35], conjugate sym-
metry approach[36], minimum norm least-square [37]. After
the excitation was calculated, the remaining TR modules
would be reconfigured to obtain the repaired pattern which
is similar to the original pattern. During the pattern’s cor-
rection and repair based on the TR module reconfigura-
tion, the excitation of each element was changed during
reconfiguration, and the mutual coupling between elements
would be changed [38]-[40]. And the phased array antenna
actual repaired pattern would be different from the theory
pattern [41], so that the actual repair effect would be affected.

Inspired by the embryonic electronic system, a novel
phased array antenna structure with self-repair ability is pro-
posed. The TR module is re-designed as TR cell, and the
phased array antenna is re-built with TR cell. The repair con-
trol circuit in the novel phased array antenna is researched,
and the proposed self-repair structure provides a new method
for the phased array antenna’s design.

The rest of this paper is organized as follows. In Section II,
the background of phased array antenna self-repair and
embryonics are introduced. In Section III, the proposed self-
repair structure is presented in detail, and the phased array
antenna’s self-repair process based on the proposed structure
is analyzed in Section IV. The simulation tests are realized,
and the proposed phased array antenna structure’s self-repair
ability is verified and analyzed in Section V. Finally, conclu-
sions are reached in Section VI. Furthermore, more sugges-
tions are put forward for future research.

Il. PHASED ARRAY ANTENNA SELF-REPAIR
AND EMBRYONICS
A. PHASED ARRAY ANTENNA'S BASIC STRUCTURE
AND SELF-REPAIR
A typical phased array antenna structure is given in
FIGURE 1, which is composed of element array, TR module
array, beam control system, and power distribution/addition
network [11], [42]. The phase and amplitude of each
transceiving channel’s signal can be configured and the radi-
ation beam can be controlled.

In the existing phased array antenna self-repair study, the
normal element’s excitation is modified through adjusting the
control code of phase shifter and attenuator in TR module.
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FIGURE 2. The basic structure of embryonics.

The phased array antenna’s pattern is corrected to reduce the
fault’s impact on the beam based on the excitation recon-
figuration. The phased array antenna’s performance can be
restored to the maximum extent, and the self-repair of phased
array antenna is achieved.

Aiming at the normal beam pattern, the control code of
normal TR modules’ phase shifter and attenuator is cal-
culated through the group intelligence algorithm, iterative
FFT and matrix beam method. Those optimization-based
algorithms are time-consuming due to blind-search features,
which simply perform heuristic operators that improve solu-
tions iteration-by-iteration. Besides, each element’s excita-
tion is changed during the self-repair process, and mutual
coupling between different elements is changed as well. The
self-repair result is affected by the changing mutual coupling,
and it is difficult to obtain the theoretical calculation results.
Thus, repair needs are hardly to be satisfied in practice.

B. EMBRYONICS

The embryological electronics (embryonics) is a bionic hard-
ware structure with self-detection and self-repair ability, and
it is composed of electronic cells with the same structure,
which is illustrated in FIGURE 2 [43].

The electronic cell is a logical unit with processing capabil-
ities. The cell’s expressed gene can be specialized according
to its position, and its logic function and I/O unit’s connection
is determined. When a cell is faulty, its fault signal can
be transmitted, and the self-repair is triggered. The faulty
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FIGURE 3. Phased array antenna self-repair structure based on embryonics.

cell would be removed to eliminate the fault’s influence.
The remaining cells recalculate the location and update the
expressed genes to perform a new function and connection.
Through the faulty cells’ removal and the normal cells’
replacement [44], the target circuit function is maintained,
and the self-repair is completed based on embryonics.

IIl. PHASED ARRAY ANTENNA SELF-REPAIR STRUCTURE
BASED ON EMBRYONICS

A. PHASED ARRAY ANTENNA SELF-REPAIR STRUCTURE
Based on the embryonics, the phased array antenna is re-
designed as given in FIGURE 3. The proposed phased array
antenna’s structure is composed of element array, TR cell
array, power distribution/addition network and beam con-
trol system. The TR cell array is composed of k TR cells
(To, T1, ..., Tx—1), detection module, input switching mod-
ule and output switching module.

The RF signal’s transmission, reception and the adjust-
ment of phase and amplitude can be realized by TR cell.
A cell chain is constituted with all the k¥ TR cells, where
k > n, and k-n is the number of backup TR cells, that is,
the number of failures that would be repaired. In the normal
state, the first n TR cells (T, T1, ..., T,—1) are working
cells, and the signal transmission, reception and adjustment
of n elements (Ag, Ay, ...,A,—1) in phased array antenna is
performed with the n working TR cells. The last k-n TR cells
(Tn, Ty+1, - - -, Tx—1) are backup cells. When a working cell is
faulty, the function of the faulty cell and its following cells are
sequentially shifted, and the latter cell realizes the function of
the previous cell until using a backup cell.

The detection module detects the TR cells’ state in real-
time, and generates a fault signal according to the detected
result. The TR cell’s state, input switching module and output
switching module are controlled by the fault signal.

The connection between the power distribution/addition
network and TR cell is accomplished with input switching
module, under the control of the detection module’s result.
Only the working TR cells are connected to the power dis-
tribution/addition network, and the faulty TR cells would be
disconnected from the power distribution/addition network.
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The output switching module’s function is similar to the
input switching module. The connection between n working
TR cells and n elements is accomplished with the output
switching module. Only the working TR cell would be con-
nected to elements, and the elements’ normal signal can be
kept.

B. TR CELL STRUCTURE

All TR cells have the same structure, which is composed of
TR module, genome and address generator, as detailed in
FIGURE 4.

The TR module is composed of controllable attenuator,
controllable phase shifter, transmit amplifier, receive limiter,
low noise amplifier (LNA), switch and adder. One port of the
TR module is connected to the power distribution/addition
network, and the other port is connected to the element. The
signal power can be amplified and limited, and its phase and
amplitude can be adjusted with different phase shifter control
codes and attenuator control codes. The phase shifter control
code from the genome and the phase scan code are added with
an adder, and the summation is used to configure the control-
lable phase shifter. The beam’s scanning can be realized under
different phase scan codes.

All the n genes of the entire phased array antenna are stored
in genome. Each gene is composed of a phase control code
(PCC;, i =0,1,...,n—1) and an attenuator control code
(ACCi,i = 0,1,...,n — 1), and the phase shifter and the
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attenuator in the TR module are controlled respectively. The
TR module’s function can be configured with the different
genes, and the signal’s phase and amplitude can be adjusted.
Each cell in the TR cell array performs different genes, so that
the amplitude and phase of different elements’ transceiving
signals are distributed according to a certain rule, construct-
ing the expected beam pattern. For the phased array antenna
with a larger scale, the number of genes in each TR cell is
larger due to the numerous elements. The integration memory
can be used to store the genome, and the programmable logic
controller can be used to the gene’s writing and reading.

The TR cell’s address signal Ag, can be generated with
address generate module according to the input address Ay;
and fault signal F, and the cell’s expressed gene can be
selected with the address signal. The relationship between
Agi, F, and Ay, is shown in (1)

Ado =Adgi + F ey

That is, when TR cell is normal, its fault signal F = O,
the cell address is the input address plus 1; when the cell is
faulty, its fault signal F = 1, the cell address is equal to its
input address.

The input address signal and output address signal of adja-
cent TR cells are connected to each other, forming a cell
chain with all TR cells. The different genes can be selected
and expressed by each cell according to the cell’s state signal
F and address signal Ag,. Each TR cell’s address signal is
increased sequentially in the cell chain, and its expressed gene
in the genome is sequentially increased too. When a TR cell
is faulty, its output address signal is equal to the input address
signal, and the following cell would have the same address as
the faulty TR cell’s original address and expressed the faulty
TR cell’s expressed gene.

There are three states (working, faulty and idle) for a TR
cell. The working cell is the normal cell performing atten-
uation and phase shifting, and it is connected to the power
distribution/addition network and element one by one. The
faulty cells are the cells that have been failed, and cannot
perform the function of attenuation and phase shifting. The
faulty cell would be no longer connected to the power dis-
tribution/addition network and the element. The idle cell is
the normal TR cell in backup state. When the working cell
is failed, the idle cell could turn to be working cell, which
ensures the number of working cells in the system to be n,
and maintain the phased array antenna function.

C. INPUT/OUTPUT SWITCHING MODULE

The number of elements and the power distribution/addition
network’s port is n, and the number of TR cells is k, where
k > n. There are n working cells and its position changes
continuously when the fault occurred.

The connection between working cells with the power
distribution/addition network and element is realized by the
input/output switching module. When a working cell is failed,
its connection to the power distribution/addition network and
element would be cut off in time, and the connection of the
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FIGURE 5. The structure of TR cell’s output switching module.

cells after the faulty cell would be updated, until an idle cell
turned to be the working cell, and connected to the power
distribution/addition network and element. The faulty cell’s
disconnection, the working cell’s update and the idle cell’s
connection is realized by the input switching module and
output switching module.

The input switching module’s structure is as same as the
output switching module. Taking the output switching mod-
ule as an example, it performs switching control between k
TR cells Ty, Ty, ..., Tr—1 and n elements Ag, Ay, ..., An—1,
according to the TR cells’ fault signal. The n working cells
are always connected to the corresponding n elements with
the output switching module. For the understanding easily,
suppose there are k-n virtual elements A,,, Ap+1, ..., Ax—1 in
phased array antenna, and all virtual array elements are empty
port, then the number of TR cells is equal to the elements’
number.

Considering the connection between TR cell 7; and the
element, the following conditions exist:

(1) In the initial state, all the TR cells are normal, then its
fault signal f; =0,/ =0, 1, ...,k — 1, and the TR cell
T; would be connected to element A;;

(2) When the TR cell T; is faulty, its fault signal f; = 1, and
the connection between TR cell 7; and element would
be cut off;

(3) When the TR cell 7; is normal, and the cell before T;
is faulty, then f; =0,/=1,j€{0,1,...,i—1}. The
TR cell T; would be connected to the element before
A;, and the serial number of the connecting element

i—1
isi— > f.
Jj=0

Combining the three connection cases above, the connec-
tion of 7; can be expressed as

T; :fiA i—1 (2)
=3
j=0

To realize the function shown in (2), a multiplexer (MUX)
and a switch are used to connect 7; with k — n ele-
ments A;, A;—1, ..., Ai—(k—n), and the connection is shown in
FIGURE 5.

In the TR cell’s output switching module illustrated in
FIGURE 5, the connections between TR cell 7; and elements
Aj,Ai_1,...,Ai_(k—n) are controlled by the fault signal f; of
T;. When T; is normal, f; = 0, the NOT gate’s output is 1, and
the switch is closed. And the TR cell 7; would be connected to
an element through the multiplexer MUX;; When Tj is failed,
fi = 1, the NOT gate’s output is 0 and the switch is cut off.
And the TR cell 7; would be disconnected to any element.
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FIGURE 6. The structure of TR cell array’s output switching module.

The multiplexer MUX; controls the connection between T;
with A;, Ai—1, ..., Ai—(k—n), and its control signal C; is

i—1
Ci=) f 3)
j=0

In the TR cell’s output switching module shown in
FIGURE 5, the number of multiplexer’s portis > k —n + 1,
so the width of the multiplexer’s control signal C; is

width(C;) = [og,(k — n + 1)] )

where width(C;) represents the width of the signal C;, [e]
is the ceiling function. The first k — n + 1 ports of the
multiplexer are connected to the corresponding elements, and
the subsequent ports are blanked.

For all TR cells in the phased array antenna, its out-
put switching module is designed as FIGURE 5, where
i=1,2,...,k — 1. And the virtual element and the element
with the sequence number i — (k —n) < 0 are set to be blank.
The structure of the TR cell array’s output switching module
is detailed as FIGURE 6.

The output switching module shown in FIGURE 6 is
composed of k switches, k NOT gates, k — 1 adders, and
k multiplexers. For the TR cell Ty, it is connected to only
one element A, and its other connected element’s sequence
number is 0 — (k — n) < 0, which means that it is empty
and should be set to be blank. So no multiplexer is used,
the TR cell T is directly connected to element Ay through
a switch. For the TR cells 7; whose sequence number is
i > n — 1, if its connected element’s sequence number
is greater than n — 1, the connecting element is a virtual
element. And the multiplexer’s port that is connected to a
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virtual element should be set to empty in the output switching
module shown in FIGURE 6.

The width of the adder’s output in FIGURE 6 is the same
as the width of the multiplexer’s control signal, and it is
[log,(k —n+1)].

IV. SELF-REPAIR PROCESS

A. PHASED ARRAY ANTENNA'S SELF-REPAIR

The proposed self-repair structure can be used for the self-
repair of both linear array and planar array. When the pro-
posed structure is employed for the linear array’s self-repair,
the linear array can be designed as FIGURE 3 with TR cells,
and a TR cell chain can be composed of all the TR cells in the
linear array. The faulty TR cell in the chain can be eliminated,
and the linear array can be repaired.

When the planar array is designed with the proposed struc-
ture, there would be a TR cell chain or several TR cell chains
existing in the planar array. The faulty TR cell can be removed
and replaced with the idle TR cells in the chain or chains, and
the planar array self-repair could be accomplished. According
to the number of TR cell chains, the planar array’s self-repair
can be divided as all-array repair and row/column repair.
Taking the rectangle planar array as an example, its all-array
repair and row/column repair is indicated in FIGURE 7.

In the all-array repair, the rectangle planar array is com-
posed of TR cell array, detection and switching module,
as shown in FIGURE 7 a). And only a TR cell chain existed
in the rectangle planar array, which is composed of all the
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TR cells. The idle TR cells existed in the TR chain, and it
can be used to repair any faulty TR cell in the planar array.
In row/column repair, the rectangle planar array is composed
of TR cell array, several detection and switching modules,
as indicated in FIGURE 7 b). There are sever TR cell chains
that existed in the rectangle planar array, and each TR cell
chain is composed of the TR cells in the same row/column.
There are a corresponding detection and switching module
for each TR cell chain, and the idle cells existed in each
TR cell chain, which can be used to repair the fault in
the corresponding row/column. And the self-repair can be
accomplished with the corresponding detection and switch-
ing module.

B. SELF-REPAIR PROCESS

In the initial state, the first n TR cells are connected to the
power distribution/addition network and the elements, and
different genes are expressed by each TR cell according to
its position. During phased array antenna working, each TR
cell’s state is detected by the detection module in real-time.

When a TR cell is failed, its fault signal is set to be
high by the detection module. Driven by the fault signal,
the functions of the faulty TR cell and its following cells are
sequentially shifted until an idle TR cell is used, so that the
working cells’ number is maintained as n. At the same time,
the connections of the input switching module and the output
switching module are changed based on the TR cells’ fault
signals. The connections between the faulty TR cell with the
power distribution/addition network and element are cut off,
and the used idle TR cell is connected to the corresponding
power distribution/addition network and element. The state of
the element signal could be maintained and the phased array
antenna can be repaired.

Taking the phased array antenna with 3 elements and 5 TR
cells as an example, n = 3, k = 5. Its normal state and repair
process is indicated in FIGURE 8. The gene in the genome
with boldface is the TR cell’s expressed gene.

The initial phased array antenna is shown in FIGURE 8 a).
In the initial state, the output of the Ty address generator is 0,
and the gene0, genel and gene2 are expressed by Tp, 71,
and 7T, correspondingly, which are connected to the element
Ag, A1 and Aj. T35 and T4 are the idle cells and connected to
non-element.

When T is faulty, it is disconnected to the element A1, and
the address generate module of 77 output 0, which is as same
as Tp. Then T,’s address is equal to the 77 ’s original address,
which is 1. The genel and gene2 are expressed by 7> and T3
correspondingly, which are connected to A; and A;. The Ty
is still an idle cell. When the self-repair process is finished,
the genes gene(, genel, gene2 are expressed by normal TR
cells Ty, T», T3, which are connected to the elements Ag, A1,
Aj. So the signals of elements Ag, A1, A> would be kept as
normal, and the phased array antenna has been repaired, as
shown in FIGURE 8 b).

During the self-repair process, the expressed genes of the
TR cells after faulty TR cell are changed according to the
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FIGURE 8. Self-repair process of phased array antenna. The location of
elements Ay, A;, A, is fixed, and the connections between the TR cells
and antennas were changed during self-repair.

address, and the functions and connections of the faulty TR
cell and the following TR cells are shifted to the next neighbor
TR cell, until the idle TR cell is used. The function and
connection of the faulty TR cell would be implemented by
a normal TR cell. Each element is connected to normal TR
cell with the proper function as the initial state, and the self-
repair could be achieved.

The updating of TR cells’ function and connection is real-
ized with a combinational circuit, and all the TR cells after
the faulty TR cell would be updated at the same time. And
the phased array antenna’s repair would be accomplished as
soon as the faulty TR cell is detected.

In this adjacent neighbor TR cell replaced method, each
TR cell is connected to k — n elements with the switch and
detection module. The switch scale is determined by the idle
TR cells’ number, and not be influenced by the phased array
antenna’s scale. So the self-repair’s complex could be reduced
with the proposed updating method, and self-repair of the
phased array antenna with a larger scale could be realized.

V. SIMULATION TEST

Taking the self-repair of a linear phased array antenna with 16
elements as an example, the proposed self-repair structure is
simulated and tested. The phased array antenna is constructed
with 16 elements, 16 working TR cells and 6 idle TR cells,
based on the proposed structure. The 22 TR cells are num-
bered as TRC_0O, TRC_1, ..., TRC_21, and the 16 elements
are noted as Antenna_0, Antenna_1, ..., Antenna_15.

The phased array antenna’s repair control circuit is imple-
mented in the Xilinx ISE 12.2, and the repair process is
simulated using the simulation software ISim of ISE. The
phased array antenna’s pattern and the parameters such as
maximum sidelobe level, average sidelobe level, half-power
lobe width are calculated with Matlab, according to each TR
cell’s phase control code and attenuator control code got in
Xilinx ISE simulation. And the self-repair result is analyzed
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TABLE 1. Element’s normalized excitation.

J I J 5

0 0.1138 8 1.0000
1 0.1964 9 0.9353
2 0.3319 10 0.8163
3 0.4926 11 0.6613
4 0.6613 12 0.4926
5 0.8163 13 0.3319
6 0.9353 14 0.1964
7 1.0000 15 0.1138

TABLE 2. Element’s attenuator control code, attenuation and actual
normalized excitation.

j AG, 1) j

0 100110 19.0 0.1122
1 011100 14.0 0.1995
2 010011 9.5 0.3350
3 001100 6.0 0.5012
4 000111 3.5 0.6683
5 000100 2.0 0.7943
6 000001 0.5 0.9441
7 000000 0.0 1.0000
8 000000 0.0 1.0000
9 000001 0.5 0.9441
10 000100 2.0 0.7943
11 000111 3.5 0.6683
12 001100 6.0 0.5012
13 010011 9.5 0.3350
14 011100 14.0 0.1995
15 100110 19.0 0.1122

based on the pattern and parameters of the repaired phased
array antenna.

In the simulation experiment, different TR cell fault situa-
tions such as single TR cell fault, adjacent multiple TR cells
fault, and multiple TR cells sequence fault are analyzed.

A. PHASED ARRAY ANTENNA STATE AND

SIMULATION SETUP

The element spacing is set as 0.5A (X is the wavelength of
the radiated electromagnetic wave), and each element is num-
bered as 0, 1,..., 15, respectively. The Dolph-Chebyshev
amplitude weighted synthesis is used, and the normalized
excitation [; of the element j is shown in TABLE 1.

In the TR cell, a 6-bit digital attenuator is used to control
the amplitude of the element’s signal. The control codes of
attenuator range from 000000 to 111111, and the correspond-
ing attenuation is from 0dB to 31.5dB, 0.5dB as the interval.
The attenuator control code for element j is noted as AC},
and its attenuation is AS;. AC;, AS;, and actual normalized
excitation /; are shown in TABLE 2.

Only the Dolph-Chebyshev amplitude weighting is used,
and phase weighting is not used in the simulation. So each
phase shifter’s control code is 000000 (The 6-bit digital phase
shifter is used in TR cell). The genes of 21 TR cells are shown
in TABLE 3.

In TABLE 3, the TR cells from TRC_16 to TRC_21 are
idle cells, and their genes are 000000000000.

Under the configuration shown in TABLE 3, the pattern
of linear phased array antenna is shown in FIGURE 9.
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TABLE 3. Gene of each TR cell.

i TRC i i TRC i

0 000000 100110 11 000000 000111
1 000000 011100 12 000000 001100
2 000000 010011 13 000000 010011
3 000000 001100 14 000000 011100
4 000000 000111 15 000000 100110
5 000000 000100 16 000000 000000
6 000000 000001 17 000000 000000
7 000000 000000 18 000000 000000
8 000000 000000 19 000000 000000
9 000000 000001 20 000000 000000
10 000000 000100 21 000000 000000

25t 4
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FIGURE 9. Pattern of the linear phased array antenna in normal state.
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TABLE 4. Parameters of the linear phased array antenna in normal state.

Parameter maxSLL  avSLL HPBW FNBW
@B)  (dB) (deg)  (deg)
Value -36.12 -41.21 8.93 26.33

The pattern’s maximum sidelobe level (maxSLL), the average
sidelobe level (avSLL), half power lobe width (HPBW) and
first null lobe width (FNBW) are shown in TABLE 4.

In the simulation, ¥k = 22, n = 16, the number
of multiplexer’s ports in the output switching module is
>k —n+ 1 = 7, so the 1-8 multiplexer is selected, and
the width of its control signal is [log,(k —n + 1)] = 3.

To test the proposed phased array antenna’s self-repair
process, the TR cell’s fault signal f; is set manually to provide
a startup signal for the repair process. The self-repair ability
of the proposed phased array antenna’s structure is verified
through the changing of TR cell’s state, expressed gene,
element’s attenuator control code in the self-repair process,
and it is confirmed through pattern calculation.

B. SINGLE TR CELL FAULT SELF-REPAIR
The TR cell TRC_4 is set to be faulty, and the signal of the
connected element Antenna_4 is turned to be 0. The pattern

of the linear phased array antenna with the fault is shown as
FIGURE 10, and its parameters are given in TABLE 5.
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FIGURE 10. Pattern of the linear phased array antenna with TRC_4 fault
and repaired.

TABLE 5. Parameters of the linear phased array antenna with TRC_4 Fault
and Repaired.

Parameter maxSLL  avSLL HPBW FNBW
(dB) (dB)  (deg)  (deg)
Value —TRC 4fault 2069 2150 907 29.65
Repaired 3612 4121 893 2633

In can be found from FIGURE 10 and TABLE 5 that,
the phased array antenna’s pattern is distorted greatly as
TRC_4 fault. The maximum sidelobe level is raised from
—36.12dB to —20.69dB, and the average sidelobe level is
increased from —41.21 dB to —21.50 dB. Both the half power
lobe width and the first null lobe width are widened.

As soon as the fault occurred, the self-repair was started,
and the TR cells’ function and the connection were adjusted.
The self-repair process is shown in FIGURE 11.

In FIGURE 11, TRC_i_AtConf(i = 0,1,...,21) is
the attenuator control code outputted by ith TR cell. F; is
the fault signal of the ith TR cell. Antenna_j_AtConf(j =
0,1,...,15) is the attenuator control code of the TR cell
connected to the jth element, and it is the control code of the
attenuator through which the element radiates the signal.

At 200ns, the TR cell TRC_4 is faulty, and its fault signal is
set to be high, F4 = 1. The addresses of TRC_4 and following
TR cells are changed, and their express genes are changed
as well. The functions of the faulty TR cell and the TR
cells after are shifted in sequence. The TRC_5_AtConf is the
TRC_4’s original output 000111. And the TRC_6_AtConf
is the TRC_5’s original output 000100, ...until the idle TR
cell TRC_16 is used, and TRC_16_AtConf is the TRC_15s
original output 100110.

Driven by the fault signal, the connection between TR cells
and elements is updated. And the all the elements connected
to the TR cell that implemented the original connected TR
cell’s function, ensuring the function of each element remains
unchanged.
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FIGURE 11. Self-repair process of single TR cell fault.

TABLE 6. Parameters of the linear phased array antenna with TRC_7,
TRC_8 fault.

Parameter maxSLL  avSLL HPBW FNBW
(dB) (dB)  (deg)  (deg)

Value —TRC 7.TRC Sfault 1127 -1342 778 1784
Repaired 3612 4121 893 2633

As soon as the faulty TR cell TRC_4’s fault signal is
high, at 200ns, the repair process is completed, under the
control of address generator and detection module, which is
a combinational circuit. The repaired phased array antenna’s
pattern is shown in FIGURE 10 and its parameters are shown
in TABLE 5. The repaired pattern is corrected as same as the
initial pattern shown in FIGURE 9, the parameters are also
equal to the values shown in TABLE 4. The phased array
Antenna with single TR cell fault is repaired successfully, and
its pattern is repaired to the initial normal state.

C. ADJACENT MULTIPLE TR CELLS SIMULTANEOUS

FAULT SELF-REPAIR

The adjacent TR cells TRC_7 and TRC_8 are faulty at
the same time, and the radiation signals of the elements
Antenna_7 and Antenna_8 are 0. The pattern of phased array
antenna with faulty TR cells is given in FIGURE 12. And its
parameters are shown in TABLE 6.

209667



IEEE Access

S. Zhu et al.: Embryonics Based Phased Array Antenna Structure With Self-Repair Ability

—-—-=TRC_7, TRC_8 fault
Repaired

Gain/dB
)
W
N

i
|
i
i
i
W
\
|
\
\
\
\

80 -60 40 20 0 20 40 60 80
Azimuth/deg

FIGURE 12. Pattern of phased array antenna with TRC_7, TRC_8 fault.

It can be seen from FIGURE 12, TABLE 6 that, the pattern
of the phased array antenna with TRC_7, TRC_8 fault is
severely distorted, and its maxSLL and avSLL are raised to
—11.27dB, —13.42dB respectively.

The self-repair process is shown in FIGURE 13.
At 200 ns, the two adjacent TR cells TRC_7 and TRC_8 are
failed simultaneously, and their fault signals are high
at the same time, that is, F7 = 1, F8 = 1. Driven
by the fault signal, the expressed genes and functions
of the faulty TR cells and the following TR cells are
shifted one by one, until the two idle TR cells TRC_16,
TRC_17 are used. The TRC_i_AtConf (i = 9, 10, ...,
17) are changed. TRC_9_AtConf is TRC_7’s original out-
put 000000, TRC_10_AtConf is TRC_8’s original output
000000, ...., and TRC_17_AtConf is the TRC_15’s original
output 100110. Under the control of the output switching
module, the connection between TR cells and elements is
updated.

At 200ns, the repair is completed. Through the shifting
of TR cells function and connection, each element’s config-
ured attenuator control code is kept unchanged. The repaired
phased array antenna’s pattern and its parameters are shown
in FIGURE 12 and TABLE 6. The phased array antenna with
adjacent multiple faulty TR cells is repaired absolutely, and
its pattern is precisely recovered to the initial pattern.

D. MULTIPLE TR CELL SEQUENCE FAULT SELF-REPAIR
When multiple TR cells are failed sequence, the self-repair
process is shown in FIGURE 14.

At 200ns, TRC_6 is failed, and its fault signal is set to be
high, F6 = 1. At 300ns, TRC_9 and TRC_11 are failed simul-
taneously, F9 = 1, F11 = 1. At 400ns, TRC_0 is failed, FO =
1. At 500ns TRC_15 and TRC_16 are failed simultaneously,
F15 =1 and F16 = 1. At 600 ns, TRC_2 is failed, F2 = 1.

‘When the cells failed at 200ns, 300ns, 400ns and 500ns,
the functions of cells following the faulty TR cells are
sequentially shifted, and the elements’ connected TR cells

209668

_ Wi e n= *0, 5= i
|....|.H‘Hum.......| ....... [

& F7
T F8
» WA TRC_O_AtConf[5:0]
» B TRC_1_AtConf[5:0]
» M TRC 2 AtConf[5:0]
» M TRC_3_AtConf[5:0]
» M TRC_4_AtConf[5:0]
» WA TRC_5_AtConf[5:0]
» M@ TRC_6_AtConf[5:0]
» B TRC_7_AtConf[5:0]
» ™A TRC 8 AtConf[5:0]
» M TRC_9_AtConf[5:0]
» W& TRC_10_AtConf[5:0]
» WA TRC_11_AtConf[5:0]
» WA TRC_12_AtConf[5:0]
» WA TRC_13_AtConf[5:0]
» M TRC_14_AtConf[5:0]
» M TRC_15_AtConf[5:0]
» & TRC_16_AtConf[5:0]
» M@ TRC_17_AtConf[5:0]
» M# TRC_18 AtConf[5:0]
» B TRC_19_AtConf[5:0]
» M TRC_20_AtConf[5:0]
» M TRC_21 AtConf[5:0]
» M Antenna_0_AtConf[5:0]
» B Antenna_1_AtConf[5:0]
» ™A Antenna_2_AtConf[5:0]
» B4 Antenna_3_AtConf[5:0]
» WA Antenna_4_AtConf[5:0]
» B Antenna_5_AtConf[5:0]
» B Antenna_6_AtConf[5:0]
» B Antenna_7_AtConf[5:0]
» ™A Antenna_8_AtConf[5:0]
» B Antenna_9_AtConf[5:0]
» A Antenna_10_AtConf[5:0]
» B Antenna_11_AtConf[5:0]
» B Antenna_12_AtConf[5:0]
» B Antenna_13_AtConf[5:0]
» B4 Antenna_14_aAtConf[5:0]
» ™A Antenna_15_AtConf[5:0]

FIGURE 13. Self-repair process of phased array antenna with TRC_7,
TRC_8 fault.

TABLE 7. Parameters of phased array antenna with TRC_2 fault and
repair under no idle TR cell.

Parameter maxSLL avSLL HPBW FNBW
ete (dB) (dB) (degree)  (degree)
TRC 2 fault -29.20 -31.09 9.24 26.42

Value  Repaired under no

idle TR cell 3261 3588 9.16 25.73

are changed under the control of the output switching mod-
ule. The elements are always connected to the normal TR
cells, and their configured attenuator control code remains
unchanged. The phased array antenna’s pattern is repaired as
normal shown in FIGURE 9.

At 600ns, when TRC_2 is faulty, the pattern of phased
array antenna is shown in FIGURE 15, and its parameters are
given in TABLE 7.

Comparing the pattern with TRC_2 fault to the normal pat-
tern in FIGURE 15, we can find that the pattern is distorted,
and its parameters are degraded.

As soon as the TRC_2’s fault signal is set to be high, the
self-repair is started under the control of the address gener-
ator and detection module, which is a combinational circuit.
The functions and connection of TRC_2 and the following
cells are shifted in sequence according to the self-repair rule.
At 600ns, the cumulative number of faulty TR cells in the
phased array antenna is 7, which is bigger than the number of
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FIGURE 14. Self-repair process of phased array antenna with multiple TR cell sequence fault.

0 T T T T T T T T T
—-— =TRC_2 fault
Repaired
Normal

Gain/dB
)
N
T
1

]

1 1
-20 0
Azimuth/deg

1 A
-80 -60 -40

FIGURE 15. Pattern of phased array antenna with TRC_2 fault and
repaired under no idle TR cell.

idle TR cells. Therefore the phased array antenna has no more
backup TR cells. The element Antenna_14 is connected to the
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last normal TR cell TRC_21, and Antenna_15 cannot be con-
nected to any normal TR cell. And the phased array antenna
cannot be repaired to the initial normal state. Although the
simulation result shows that Antenna_15_AtConf is 000000,
there is no input RF signal for Antenna_15 due to the lack
of normal TR cell, and its excitation signal is 0. At this time,
the attenuator control code Antenna_j_AtConf, the attenua-
tion AS;, and the normalized excitation /; for each element
are shown in TABLE 8.

With the configuration of TABLE 8, the repaired phased
array antenna’s pattern is shown in FIGURE 15. And its
parameters are shown in TABLE 7.

It can be seen from FIGURE 15 and TABLE 7, the pattern
and performance of the phased array antenna with faulty
TRC_2 is improved through self-repair. The repaired pattern
is less than perfect as the initial normal pattern, but it has
been corrected to be better than the faulty pattern. Its maxSLL
has descended from —29.20dB to —32.61dB, the avSLL has
descended from —31.09dB to —35.88dB, the HPBW and
the FNBW are changed from 9.24 degree, 26.42 degree to
9.16 degree, 25.73 degree respectively. As there is not enough
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TABLE 8. Attenuator control code, attenuation and normalized excitation
of each element after self-repair.

45,

0 100110 19.0 0.1122
1 011100 14.0 0.1995
2 010011 9.5 0.3350
3 001100 6.0 0.5012
4 000111 3.5 0.6683
5 000100 2.0 0.7943
6 000001 0.5 0.9441
7 000000 0.0 1.0000
8 000000 0.0 1.0000
9 000001 0.5 0.9441
10 000100 2.0 0.7943
11 000111 3.5 0.6683
12 001100 6.0 0.5012
13 010011 9.5 0.3350
14 011100 14.0 0.1995
15 - - 0

backup TR cell in the array, the phased array antenna is not
repaired to the initial normal state, but has been improved
from the faulty pattern.

E. COMPARE WITH THE EXISTING TECHNOLOGY

The phased array antenna with 32 elements is analyzed and
compared under the existing technology [10] and the pro-
posed method. When its sixth and ninth elements are failed,
its reconfiguration excitations are calculated with the bacteria
foraging optimization (BFO).

The phased array antenna is analyzed in HFSS 15.0.
32 rectangular microstrip patch antennas are applied to
construct a linear array. The radiation signal frequency is
2.45GHz, and the inter-element spacing is A/2. During the
simulation, the source is set according to the reconfiguration
excitations in [10]. And the ideal recovered pattern and the
recovered pattern with mutual coupling are analyzed with
the same excitation. And the normal pattern, ideal recovered
pattern without mutual coupling and the recovered pattern
with mutual coupling are shown in FIGURE 16.

From FIGURE 16 we can see that, the ideal recovered
pattern without mutual coupling is closed to the normal
pattern, and the maximum sidelobe level is closed to the
original in theory. But influenced by the mutual coupling,
the actual repaired pattern is distorted. The actual sidelobe
level is higher than the ideal, and the repair effect is reduced.

The phased array antenna is realized with the proposed
self-repair structure. When the sixth and ninth TR cells are
failed, the faulty TR cells can be moved away from the
array, and the idle TR cells are used. The faulty TR cells’
function is implemented by the normal cells and each element
is connected to the normal working TR cell. When the repair
process is finished, the signal of each element is as same as
the initial, so the repaired pattern with the proposed struc-
ture and the initial normal pattern are identical as shown in
FIGURE 16. The repair effect is improved with the proposed
phased array antenna structure.
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FIGURE 16. Normal pattern, ideal repaired pattern and the repaired
pattern with mutual coupling.

F. ANALYSIS FOR SELF-REPAIR RESULT

The self-repair simulation, including single TR cell fault,
adjacent multi-TR cell fault, and multi-TR cell sequence
fault, demonstrate that, the self-repair process of the proposed
phased array antenna structure can be completed under differ-
ent fault conditions.

In the self-repair process, the functions and connections of
TR cells are changed, and the radiation signal of each element
is kept to be unchanged, which makes the coupling between
the elements of the repaired phased array antenna is as same
as initial.

During the proposed phased array antenna’s self-repair,
the TR cells’ expressed gene and connection are controlled
by the address generator and detection module, which is a
combinational circuit. And the function and connection of
all TR cells in the proposed structure would be updated at
the same time in the self-repair process as the simulation test
shown. The computation time would not be increased with
phased array antenna’s size changing. But in the simulation
test, the self-repair process is analyzed with ideal switches,
and the switching time was not considered. The self-repair
time would be increased in practical, and it is influenced by
the switching speed of switches, which is about at the level
of microsecond (us).

The simulation in this paper is finished under the ideal
condition, and the phase shifter and attenuator of different
TR cells are kept to be uniform. But the actual phase shifter
and attenuator used in phased array antenna cannot be com-
pletely consistent, and there is a deviation between different
phase shifters and attenuators. Although the deviation can be
reduced by the compensation of each TR cell, it cannot be
eliminated thoroughly. So the actual self-repair effect of the
proposed phased array antenna structure would deviate from
the ideal result as the simulation test shown in this paper, and
the deviation is determined by the degree of inconsistency
between different phase shifters and attenuators of different
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TR cells. The actual repair effect of the proposed phased
array antenna structure would be analyzed and studied by
constructing an experimental system in the next research.

The self-repair capability of the proposed structure is deter-
mined by the number of idle TR cells, and it would be higher
as the backup TR cells’ number increased. At the same time,
the system complexity would be increased along with the
number of idle cells. So the number of idle cells could be
optimized according to the system self-repair capability and
complexity. For the phased array antenna with a larger scale,
the gene number in each TR cell would be big. Since the
gene is short in length, the genome scale would not be too
larger to be stored, and it can be satisfied with the integration
memory and program logic controller. Take the phased array
antenna with 100000 elements as an example, if 8-bit digital
phase shifter and 8-bit digital attenuator are used. The scale
of the genome would be 100000 x (8 4+ 8) = 1600000bit, and
it can be satisfied with a 128K x 16bit integration memory.
The proposed system can be employed for the phased array
antenna with a larger scale. At the same time, dividing the
phased array antenna with larger-scale into small scale array,
and configuring idle cells for each sub-array is another solu-
tion to reducing the idle TR cells’ number and the genome
scale.

VI. CONCLUSION AND NEXT WORK

Inspired by the embryonics, a novel phased array antenna
structure with self-repair ability is proposed, and a new tech-
nical approach for phased array antenna’s repair is provided.
The phased array antenna self-repair structure proposed in
this paper has the following characteristics:

(1) Based on the proposed structure, the real-time self-
repair can be realized through the fast switching of TR
cells, and phased array antenna’s self-repair speed has
been improved. After the repair process is completed,
each element’s radiation signal of the repaired phased
array antenna is the same as the initial normal state.
The mutual coupling between the elements is kept
to be consistent as the initial state, and the influence
of the changing mutual coupling on the repair result
has been avoided, and the self-repair effect has been
improved.

(2) The self-repair of the proposed structure is accom-
plished through the faulty TR cells’ replacement with
idle TR cells, and the self-repair capability is limited
by the idle TR cell number. In practical applications,
the idle TR cell number can be configured according
to the TR cell number, element number and the phased
array antenna’s self-repair requirement.

(3) With the advancement of technology, the integration of
TR module has been improved, and its area has been
reduced, providing a foundation for the integration
design of TR cell. At the same time, the element array’s
area is fixed by the elements’ number, the elements’
spacing, and the frequency of the radiation signal. The
integrated design of TR cells provides the foundation
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that a certain number of idle TR cells can be configured
in the same space of element array.

(4) The proposed structure is composed of digital con-
trol circuit and the RF circuit. The power distribu-
tion/addition network, input/output switching module,
and elements are included in the RF circuit, and lots
of RF switches are used in the proposed structure
to achieving the self-repair. So the application scope
is limited by the RF switch. Now the frequency of
commercial FR switch ranges from hundreds MHz to
hundreds GHz, and the targeted frequency of opera-
tion is the same as the commercial FR switch, and
the mmWave system is supported with the proposed
structure.

In this paper, only the digital circuit such as the genome,
address generator of the TR cell and the output switching
module, are simulated in the experiments, and the TR cell’s
TR module and element’s radiated signal are calculated by
Matlab. In the follow-up study, the TR cell hardware would
be built, and the phased array antenna experiment system
would be constructed based on the proposed structure, and
the self-repair ability of the proposed phased array antenna
structure would be verified and evaluated. The repair result of
the reconfiguration method and the proposed method would
be compared and analyzed, and the mutual coupling influence
would be analyzed. In the future studies, the number of
idle TR cell for large scale phased array antenna would be
analyzed, the influence of practical switches, phase shifters
and attenuators would be studied. And the real-time testing
measurement of phased array antenna would be researched.
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