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Abstract  An antenna of phased array radar (PAR) consists of a large number of individual radiating
elements and steers its electromagnetic wave direction by shifting wave phases of these elements. Failed
elements have to be detected, diagnosed, localized and replaced at scheduled times to hold a required
performance of a radar system. However, the maintenance of an antenna should not be made so frequently,
because it interrupts the radar operation and degrades the radar availability. This paper considers two
typical policies of cyclic and delayed maintenances for a PAR where a certain number of survival elements
is needed to hold a required performance : Failed elements in cyclic maintenance are replaced at periodic
times, and they in delayed maintenance are done when their number has exceeded a predesignated one.
When failures of a PAR antenna elements occur at a Poisson process, the expected costs are obtained and
optimal policies for two maintenances which minimize them are analytically discussed.
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1. Introduction

A phased array radar (PAR) is the radar which steers the electromagnetic wave direction
electrically. Comparing with conventional radars which steer their electromagnetic wave
direction by moving their antenna mechanically, a PAR has no mechanical portion to steer
its wave direction, and hence, it can steer very rapidly. Most anti-aircraft missile systems
and early warning systems have presently adopted PARs because they can acquire and track
multiple targets simultaneously.

A PAR antenna consists of a large number of small and homogeneous elements which are
arranged flatly and regularly, and steers its electromagnetic wave direction by shifting signal
phases of waves which are radiated from these individual elements [2,8,9]. A schematic
diagram of PAR antenna is drawn in Figure 1.

The increase in the number of failed elements degrades the radar performance, and
at last, this may cause an undesirable situation such as the omission of targets [1]. The
detection, diagnosis, localization and replacement of failed elements of a PAR antenna are
indispensable to hold a certain required level of radar performance. A digital computer
system controls a whole PAR system, and detects, diagnoses and localizes failed elements.
However, such maintenance actions intermit the radar operation and decrease its availability.
So that, the maintenance should not be made so frequently. From the above reasons, it would
be important to decide an optimal maintenance policy for a PAR antenna, by comparing
the downtime loss caused by its maintenance with the degradational loss caused by its
performance downgrade.

Recently, a new method of failure detection for PAR antenna elements has been proposed
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Figure 1: Schematic diagram of PAR antenna.

by measuring the electromagnetic wave pattern [3]. This method could detect some failed
elements even when a radar system is operating, i.e., it could be applied to the detection
of confined failure modes such as power on-off failures. However, it would be generally
necessary to stop the PAR operation for the detection of all failed elements.

Keithley [6] showed by Monte Carlo simulation that the maintenance time of PAR with
1024 elements had a strong influence on its availability. Hevesh [5] discussed the following
three maintenances of PAR in which all failed elements could be detected immediately, and
calculated the average times to failures of its equipments, and its availability in immediate
maintenance :

1) Immediate maintenance: Failed elements are detected, localized and replaced immedi-
ately.

2) Cyclic maintenance: Failed elements are detected, localized and replaced periodically.

3) Delayed maintenance: Failed elements are detected and localized periodically, and re-
placed when their number has exceeded a predesignated one.

Further, Hesse [4] analysed the field maintenance data of U.S. Army prototype PAR, and
clarified that the repair times have a log-normal distribution. In the actual maintenance, the
immediate maintenance is rarely adopted because frequent maintenances degrade a radar
system availability. Either cyclic or delayed maintenances is commonly adopted.

In this paper, we perform the periodic detection of failed elements of a PAR where it
is consisted of Ny elements and failures are detected at scheduled time 7': If the number
of failed elements has exceeded a specified number N (0 < N < Ny), a PAR cannot
hold a required level of radar performance, and it causes the operational loss such as the
target oversight to a PAR. We assume that failed elements occur at a Poisson process, and
consider two maintenances of cyclic and delayed. Applying the method of Nakagawa [7] to
such maintenances, the expected costs per unit of time are obtained, and optimal policies
which minimize them are analytically discussed. In a numerical example, we decide which
maintenance is better, by comparing two expected costs.
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Figure 2: Schematic diagram of cyclic maintenance.

Cyclic Maintenance

2.1. Analysis
We consider the following cyclic maintenance of a PAR :

1)

)

A PAR is consisted of Ny elements which are independent and homogeneous on all plains
of PAR, and have an identical constant hazard rate A\g. The number of failed elements
at time ¢ has a binomial distribution with mean Ny[l1 — exp(—Aot)]. Since N is large
and )\ is very small, it might be assumed that failures of elements occur approximately
at a Poisson process with mean A = Nyg)g. That is, the probability that j failures occur
during (0, ] is

(Mt)ie

When the number of failed elements has exceeded a specified number N, a PAR can-
not hold a required level of radar performance such as maximum detection range and
resolution.

Failed elements cannot be detected during operation and can be ascertained only ac-
cording to the diagnosis software executed by a PAR system computer. The detection
of failed elements is usually performed at periodic interval 7' and its time would be
neglected because it is very short.

All failed elements are replaced by new ones at time MT (M = 1,2,---) or at the time
when failed elements have exceeded N, whichever occurs first.

A conceptual diagram of cyclic maintenance is drawn in Figure 2.

We introduce the following costs : A cost ¢; is the constant operation loss cost required

for replacement, a cost cs is the replacement cost of one failed element, and a cost c¢3 is the
operation loss cost per unit of time caused by the degradation of radar performance. Then,
the expected cost when the number of failed elements is less than N at the M-th failure
detection is

N-1

Z (c1+ jeo) Pj(MT) . (1)

Jj=0
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When the number of failed elements has exceeded N at the i-th failure detection (i =
1,2,--- M), the expected cost is

T

Z Z—l _i { Cl—|—(j—|-k‘)02]+03/

i=1 j:O k —j =17

(T = t)dPlt — (i = )T} (2)

Thus, the total expected cost until replacement is, from (1) and (2),

M—-1N-1 cs M—-1N-1 o0
C1 —|—02>\T Z Z PJ(ZT X Z Z P Z ]{5 N+] Pk(T) (3)
i=0 j=0 i=0 j=0 k=N—j

Next, the mean time to replacement when the number of failed elements is less than N
at the M-th failure detection is

Ni:l MTP;(MT). (4)

When the number of failed elements has exceeded N at the i-th failure detection (i =
1,2,--- M), the mean time to replacement is

EZ (- 1)T] S T P(T). 5)

k:N— j

Thus, the mean time to the replacement is, from (4) and (5),
M-1N-1
Ty Y PBUT). (6)
=0 j=0

Therefore, by dividing (3) by (6), the expected cost per unit of time Cy(M) is

a1+ S MY BT S v (k= N+5) Pi(T)
Ty M S BT

CL(M) = e\ + (M=1,2,---). (7)

Note that the replacement cost ¢y of a failed element does not affect an optimal M* which
minimizes Cy(M).
2.2. Optimal policy

We seek an optimal number M* which minimizes C;(M) in (7). Forming the inequality
Ci(M+1)—Cy(M) >0, we have

S S5 P(T) S Pu(MT) Xy (1= N + k)R(T)

Sy P(MT)
M-1N-1 . 00 . )\Cl
-2 2 BT (k=N+)P(T) =2 — (M=12,--). (8)
=0 j=0 k=N—j €3

Denoting the left-hand side of (8) by Q(M), it is shown from Appendix 1 that Q(M) is an
increasing function of M from Q(1) to Q(o0) = limps—.0o Q(M). Thus, if there exists a finite
M* which satisfies (8), it is unique.
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A necessary and sufficient condition that there exists a finite M* which satisfies (8) is

Qo) > 2 (9)

C3

Further, from Appendix 2, since

ZiVOIP(MT)ZJ Nl = N +1i)P;

QM) > SN R(MT)

_ZZPN—H (M =2,3,---), (10)

we have

NV P(MT L (j—N+1)

=N =3 (N=)R(T) = (1)
= (N =D =e™) =3 (N =i)(T). (11)

Thus, a sufficient condition that there exists a finite M* which satisfies (8) is

(N = 1)1 ) = SN = ) B(T) > 2L (12)

i=1 €3

Note that the left-hand side of (12) is strictly increasing in both 7" and N.

3. Delayed Maintenance
3.1. Analysis

We consider the delayed maintenance of a PAR :
4) All failed elements are replaced by new ones only when failed elements have exceeded a
number N, (< N) at diagnosis.
The other assumptions are the same as ones in Section 2.1. A conceptual diagram of delayed
maintenance is drawn in Figure 3.
When the number of failed elements is less than N, at the (i — 1)-th diagnosis and has
exceeded N, at the i-th diagnosis, the expected cost is given by

00 Ne—1 N—j—1

Pili —1)T] Y Jer+ (j+ k)eo] P(T) (13)

i=1 j=0 k=N.—j

When the number of failed elements is less than N, at the (i — 1)-th diagnosis and has
exceeded N at the i-th diagnosis, the expected cost is

S Al6-0T] S {la + G+ RalAD
+ e /(i_l)T(z'T—t)de[t—(z’—l)T]}. (14)

Thus, the total expected cost until replacement is, from (13) and (14),

0o Ne—1 0o Ne—1 00

o+ eSS Y BUT) + 2 Z > P(iT) Z k: N+j)P(T). (15)

i=0 j=0 ZOJO
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Figure 3: Schematic diagram of delayed maintenance.

Similarly, the mean time to replacement is

0o Ng—1 N—j—1 0o Ncg—1 00
ZZ [(i—1)T) > iTP(T)+Y Y Bli—1)T] Y iTP(T)
i=1 j=0 k N.—j i=1 j=0 k:N—j
oo Ne—1
=T> > BT). (16)
i=0 j=0

Therefore, the expected cost per unit of time is, from (15) and (16),

1+ 302 SN P (i) Sy (k= N +5) Pe(T)
T2 eyt Py (i)

CQ(NC):CQ)\+ (NC: 1,2,"',N). (17)

3.2. Optimal policy

We seek an optimal number N which minimizes Cy(N,) in (17). Forming the inequality
Co(Ne.+ 1) — Co(N,) > 0, we have

c o0 )\
Z zTZ (Py-noin(T) = Py_jur(T)] = 22 (N.=1,2,---,N).  (18)

i=0 j=0 e3
Denoting the left-hand side of (18) by L(N.), it is shown from Appendix 3 that L(V.) is
an increasing function of N.. Therefore, if there exists a finite N which satisfies (18), it is
unique.
A necessary and sufficient condition that there exists a finite NV which satisfies (18) is

)\Cl

L(N) > — (19)
C3
which corresponds to (9). Further, from Appendix 4, since
NY 2y n P(T) - 2K N —i)P(T
L(NC) > ZZ—N—NG ( ) ZZ—N—NC( 2) ( ) (Nc — 2’ 3’ .. .) , (20)

1 — e AT
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we have

NS En_n, B(T) = Xy y (N = i) P(T)

LN) =2 NICILHN 1—e M
AT — 320 iPnyi(T)
= [ o7 : (21)
Thus, a sufficient condition that there exists a finite N which satisfies (18) is
T — 32 iPyyi(T
>\ 2:1—0Z N+( ) >£’ (22)

1—e AT 3

where note that the left-hand side of (22) is strictly increasing in N from 1 to \T//(1—e™ ).

4. Numerical Examples

We show a numerical example in which optimal replacement numbers are computed under
suitable conditions. An algorithm to compute optimal numbers M* and N} is specified as
follows:

Step 1: Check sufficient conditions in (12) and (22), and confirm that these conditions are
satisfied. Note that even if they are not satisfied, finite M* and N} may exist.

Step 2: Solve (8) and (18) by the half-interval search and compute M* and NV numerically.

Step 3: Compute Cy(M*) from (7) and Cy(N}) from (17).

For simplification, suppose that co = 0, because it does not affect M* and N}. Table 1
gives the optimal numbers M* and N, and the total expected costs C;(M*) and Co(N)
for T = 24,48,72,--- 168 hours(1,2,3, - -+ 7days) and \g = 1,2, 3, ---10 x 10~* /hours, when
No = 1000, N = 100 and ¢; = ¢3 = 1. In this case, 332,49 P;(t) = 0. All cases in Table 1
satisfy the sufficient conditions (12) and (22).

Table 1 indicates that M* and N} decrease when 7" and ) increase. It is of great interest
that the values of M*T are approximately 720 when \g = 1 x 10~%. In this calculation,
Cy(M*) is always greater than Cy(N}) and Cy(M*)/Co(N}) ~ 1.2. Therefore, we can
arbitrate in this case that the delayed maintenance is more efficient than the cyclic one from
the economical point of view.

5. Conclusion

We have studied cyclic and delayed maintenances of a PAR which detect failed elements
at periodic times. Assuming that the failure of elements approximately occur at a Poisson
process, the expected costs per unit of time have been derived and the optimal replacement
number M™ of cyclic maintenance and the optimal failed element number N} of delayed
maintenance have been analytically discussed. Comparing these two expected costs, the
delayed maintenance is better than the cyclic one under some suitable conditions. Such

comparison would be very useful at the beginning step when we have to plan a maintenance
policy for a PAR.

(© Operations Research Society of Japan JORSJ (2004) 47-1



58 K. Ito & T. Nakagawa
Table 1. Optimal replacement number M* and failed element
number N}, and expected costs C1(M*) and Co(N))
Ao T M* | M*T Cy(M™) N; Co(NY) C1(M*)/Co(NF)
24 (1) 31 744 1 1.38 x 1073 || 93 | 1.07 x 1073 1.29
48 (2) 15 720 | 1.41 x 1073 || 89 | 1.10 x 1073 1.28
72(3) 10 720 | 1.42 x 1073 || 86 | 1.13 x 1073 1.26
1x107% | 96(4) 7 672 | 1.49 x 1073 || 83| 1.16 x 1073 1.28
120 (5) 6 720 | 1.42 x 1073 || 80 | 1.18 x 1073 1.20
144 (6) ) 720 | 1.42 x 1073 || 77| 1.21 x 1073 1.17
168(7) 4 672 | 1.49x 1073 || 74| 1.24 x 1073 1.20
2 x 1074 16 384 | 2.75x 1073 || 90| 2.19 x 1073 1.26
3 x 1074 11 264 | 4.19 x 1073 || 87| 3.34 x 1073 1.25
4 x107* 8 192 | 5.41 x 1073 || 85 | 4.54 x 1073 1.19
5x 1074 6 144 | 6.98 x 1073 || 82 | 5.77 x 1073 1.21
6x1074 | 24(1) | 5| 120]8.36x 1073 | 80| 7.03x 1073 1.19
7 x 1074 ) 120 | 1.04 x 1072 || 77 | 8.34 x 1073 1.25
8 x 1074 4 96 | 1.06 x 1072 || 75| 9.69 x 1073 1.09
9x 1074 3 721139 x 1072 | 73| 1.10 x 1072 1.26
10 x 1074 3 721139 x 1072 | 71| 1.26 x 1072 1.10
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Appendix

1. Prove that Q(M) is an increasing function of M

From (8), we have

QM +1) - QM) =

S PIM + DTS2 v — N+ i) Py(T)

(© Operations Research Society of Japan JORSJ (2004) 47-1
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zi“P(MT)Z 2( ~ N AR S

k=1 [=0

The probability that the number of failed elements is less than N at time MT and exceeds
N during the next T hours is given by

N—1 00 N-1 [%S)
S PMT) Y (j= N+)P(T) = 3 PAMT)Y jPron-i(T), (A2)
=0 j=N—i i=0 =0

where >72y ;(j — N + i)P;(T) means the expected number of failed elements during
(MT, (M 4+ 1)T] and it is an increasing function of i.
Since S0t SVt B[(k — 1)T) is positive, the braket of (A.1) is rewritten as

SN BI(M + DTS2y (5 — N+ i) Py(T)
Yot PI(M +1)T]
ZfVOIP(MT)ZJ Nl = N+ 1) P(T)
Yot P(MT)
S BI(M A+ 1)TI 2y (5 — N+ i) Py(T) Sl Pe(MT)
SN BMT) Sy (= N +4)Py(T )fo olPk[(MH)T]
Y5 Bl(M + )T 535" Py (MT)

(A.3)

The denominator of right-hand side is positive and its numerator is rewritten as

N-1 00 N-1
B{(M+1T] Y (j— N+i)P(T) Y. P.(MT)

=0 j:N 7 k=0

Y PMT) S (j—N+)P(T) Y Rl(M

i=0 j=N—i k=0

+

~.

1)7]

o0

> (k= N+i)P(T (k— N+ §)Pu(T)
=N—

i k=N—j

, (A4)

k

since both [(M+1)/M]" and Y32 y_.(k—N+i) Py(T) are increasing functions of . Therefore,
QM+ 1) —Q(M) > 0 and Q(M) is an increasing function of M.

2. Proofing of inequality (10)
Supposing that 1 < L < M, we have, from (8) and (10),

S PMT) S (= N + ) P(T) 3570 Sy Al(k - 1)T]

Yo P(MT)
L+1 N-1 00
= > Bli-nT Z (k=N +j)Fe(T)
i=1 j=0 k=N-—j
[Z5RMT) Ry —N+i)PJ(T)Z o' Bl(k—1)T)
Y B(MT)
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L N-1 0
S S B -1)T] Y (k=N +5)Pu(T)
i=1 j=0 k:N —J
Yo' BMT) Y2 yi(f = N +)P(T)
B St B(MT)
NS p (LT U= N+9)F(T)] &
Eo )zszofv B((LT) = )] 2 D) (A

The bracket of right-hand side is rewritten as

SN PUL+ DTS2 (= N+ ) Py(T)
i Bl(L+ 1)T]
Y BILT) YR N = N +)P(T)
SN P(LT)
Yl P(LT) 05 (L + DT 2 (k= N+ j)Pu(T)
— X PUL + DT S35 PULT) 32 ik — N + j)Pu(T)
Y B(LT) SN P(L+ 1)T)

(A.6)

The denominator of right-hand side is positive, and its numerator is

=S PIL+ DT BLT) 3 (b= N+ R(D)

g2

S (k=N +4)P(T (k= N+ j)P(T) (A7)

Noting that both [(L +1)/L]" and 33 _;(k — N +4)P.(T) are also increasing functions of
i from Appendix 1, (A.7) is positive. Therefore, (A.5) is also positive, and hence, we have
ZiVOIP(MT)ZJNZ( — N +4)P
N—1 - Z ZPN—!—Z
Yizo Bi(MT)

QM) > (A.8)

3. Prove that L(V,) is an increasing function of N,
From (18), we have

oo Ne

L(NAD - LIN) = 33 B(T) szN Mokt (T) = Py_yin(T)]

=0 j=0

oo Ne— [

_Z Z PJ(ZT k PN Nc—i—k ) PN_j+k(T)]
i=0 j=0 k=0
oo Ne

=YY RGT) Y BT 0. (A.9)

=0 j=0 k=N—N¢
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4. Proof of inequality (20)
We define

LNy = 3% Pj@ng F Py 4x(T) — Py—yn(T)).

i=0 j=0

for 0 <1 < N.. Then, we can easily prove

LNC—I(NC) — LNC_Q(NC) = Z PNC(ZT) Z Pk(T) > 0.
=0 k=N-—N.+1

Therefore, L;(N,) is an increasing of [, and hence, we have

NeY2n-n, Bi(T) = Sy n (N = i) P(T
L(N.) > lim Li(N,) = L i=N-N. ()1_?;? (N = )P(T)
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