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Abstract—Unimodular sequences with good correlation prop-
erties have attracted significant research interest due to their
applications in several areas such as radar sensing and commu-
nications. In this paper, we address the problem of designing uni-
modular sequence sets with good correlation and complementary
correlation properties using generalized cyclic algorithms for the
minimization of weighted integrated sidelobe level (WISL) based
metrics. The set of sequences are obtained by considering their
complete second-order characterization, which has been proven
to be beneficial for identification and sensing systems employing
widely linear signal processing. Several numerical examples have
been presented to illustrate the performance of the proposed
algorithms.

Index Terms—Auto-correlation, cyclic algorithms, integrated
sidelobe level, unimodular sequences, waveform design.

I. INTRODUCTION

The design of unimodular sequence sets with good correla-
tion properties has been studied extensively in the recent years
due to their applications in various fields such as radar [1] and
sonar signal design [2], [3], channel estimation, system identi-
fication, medical imaging and telecommunications [4], among
others. Considerable efforts have been made to generate such
sets of sequences using several methods, including alternating
projections [5], [6], majorization-minimization techniques [7],
[8] and quasi-Newton methods [9], all by minimizing the
qualitative metrics based on the peak sidelobe level (PSL) or
the integrated sidelobe level (ISL) [10]-[15]. Such recently
developed methods rely on Fast Fourier Transform (FFT)
operation which makes the design very efficient.

Although the construction of sequences or sequence sets
with low sidelobe levels has been broadly addressed in the
literature [15]-[27], it should be noted that the aforementioned
methods only consider minimizing the contribution of the
periodic or aperiodic correlation functions for the out-of-phase
(k # 0) coefficients based on the fact that the designed se-
quences will only be employed on strictly linear (SL) systems,
where only the correlation functions are observed. However,
by considering the complete second-order characterization, the
performence of the sensing and identification systems can be
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further enhanced by performing widely linear (WL) signal
processing, as shown in [28], [29]. Unlike SL systems, WL
systems exploit the complex conjugate of the input signal as an
additional degree of freedom for linear processing. Modeling
of systems using WL structures is quite common in wireless
systems, when non-linear radio frequency (RF) impairments
such as in-phase and quadrature-phase (I/Q) imbalances are
considered in the analysis of signal propagation [30]-[32].

In this paper, we consider the construction of sets of
unimodular sequences possessing good correlation as well as
good complementary correlation properties by promoting both
desired properties using cyclic algorithms.

Notation: We use bold lowercase letters for vectors and bold
uppercase letters for matrices. (-)*, (-)7 and (-)7 denote the
complex conjugate, transpose and conjugate transpose of the
vector/matrix, respectively. ||x||,, or the {,,-norm of the vector
x is defined as {D |z(k)|"} where (k) is the k-th entry
of . ||Al|F or the Frobenius norm of matrix A with entries
{as()} 2y oy s defined as /577, 37 fai ().

II. PROBLEM FORMULATION

Let {xm(n)}ﬁtol M denote the set of M complex unimod-
ular sequences, each of length NV, to be designed. We assume
that, x,,(n) = e/ for all m,n and the phases {¢,,(n)}
can have arbitrary values from [—m, 7). The aperiodic cross-
correlation 7,,,m,(n) and complementary cross-correlation
Ymims(n) of any member sequences {z, (k)}n_, and
{2m, (k) }1 at lag n are given as,

N-1
Tmymo (n) = Z Ty (k)'T:)’Lf_) (k - n) = T:‘YL277L1 (_n) (1)
k=n

N-1
TYmims (n) = Z Lmy (k)$m2 (k - n) = szml(_n) 2
k=n

for n = 0,1,---,N — 1. Note that, the auto-correlation
and complementary auto-correlation coefficients can also be
derived easily by using m; = mg = m.

In the case of SL signal processing, we design sequences
with good correlation properties by minimizing the following
criterion based on the ISL of the said sequences:
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M N-1
Z Z |TTVL77L (n)

3)
m=1 n=—N-+1
n;ﬁO
2
+ Z Z Z lrm1m2<n>l'
mi=1 ma=1 n=—(N-—
ma#mi
To facilitate the discussion in the following, we
denote the sequence set in its matrix form, i.e.
X = [iL‘l o L s iL'M]NxM where
T, = [2m(0) 2, (1) Tm(N — 1)]T. Moreover, the

covariance and complementary covariance matrices of the
sequences are given for different lags as

rii(n)  r12(n) rin(n)

R, = 7“21:(71) 7“22:(71) T2M:(n) , @
er.(n) TM2.(77‘) ram (n)] s
y1(n)  v2(n) Y1nr (1)

Yo1(n)  7y22(n) Yo (1)

r, = ) . . ,

’YM1‘(71) ’71%2.(71) Ymm(n) Mx M

where n = —(N —1),---,0,--- , N — 1. Next, we consider
the problem of designing unimodular sequences with good
correlation as well as complementary correlation properties by
minimizing the following generalized weighted ISL (WISL)
criterion,

M
2 Y Yl (©)
m=1 n=—N+1
n#0
M N-1

+ Z Z 572L|'Ymm(n)|2

i‘rrmmz (n)|2

ma2=1 n=—(N-1)
m275m1

+ Z Z ﬁ [Ymams ()2

mi=1 ma=1 n=—(N-—
mao#mi
where {a,}Y=} and {3,}=} are real-valued weights with

a, = a_p and Bn = 6,71 In this paper, we introduce a
generalized approach to minimize the criterion in (6) by using
the minimization techniques for ISL related metrics such as
CAN and WeCAN, introduced in [5], [11].
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III. GENERALIZED WECAN

The Generalized WeCAN (G-WeCAN) algorithm is associ-
ated with the criterion £ in (6), which can be written in matrix
form as,

£ = a2|Ry — NIy|% + B2|To|% (7
N—1
+2 ) ar|Rall3 + BalTal %
n=1
N—-1
= > ab||Ry — NIyd,|7 + Z BT %
n=—(N-1) n=—(N-1)

where §,, denotes the Kronecker delta. Furthermore, following
the proof in [5] for the case of M = 1, it can be shown that the
criterion in (7) can be equivalently written as a Parseval-type
equality:

2N
E=5q ZII‘I’ (wp) — a0 NI |7 + [ @+ (wp) 7 (8)
in which,
N-1 '
P, (w) = Z anRe™ 7™, 9)
n:—(N 1)
@, (w) = Z ﬂnr e, (10)
n=—(N-—
and {wp} are the Fourier frequencies given as, w, = 22—]’\7,]9 for

p=1---,2N.

Note that, by choosing «,, and 3,, appropriately, we can help
shape the correlation lags in the desired form. Particularly for
convenience, we choose «g and 5y large enough to ensure that
the matrices

gt QN-—1 Bo BN-1
ap - QN2 B1 BN-2
A - . . . 9 B - . .
any-1 - Qg Bn-1 - Bo
(11)

become positive semidefinite (i.e. A = 0 and B > 0).

Now, note that the following discrete (inverse) Fourier
transform relations hold:
[DDFT,

{anRn} ¢ ®p(w) = A(w) * (x(w)xT(w))  (12)
(BT} <55 @, (w) = Bw) * (x(@)xTw)  (13)
where,
N—-1 )
x(w) =Y @&(n)e ™ (14)
"
Aw) = Y age It (15)
k=—(N-1)
N-1
Bw) = Y Bre ™ (16)
k=—(N-1)
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and £(n) = [z1(n) x2(n) --- . Consequently, one

can verify that,

zar(n)]”

1 s
@ (wp) =5 | Alwp—0) x()x" (w) dv (17)
- / e I x () () dp
- -1)
N-1N-1
= Z Z arZ(n)x* (n) e_jkwp
k=—(N—1) n=0 =0
. L / " ilemnt iy gy,
2 J_,
N-1N-1
=3 Y anoa@(n)@ (i)e I
n=0 n=0
= X" (wp)AX" (wp) = (X" (wp) AX(wp))"
where, x(wp) = [£(0)e™ 7% ... F(N — 1)e 7 WV-Dwp]T,
Similarly for ®.,(wp), it can be given as
@, (wp) = X" (wp) BX(wp)- (18)

Therefore, by denoting x(w,) simply as X, the criterion in
(8) can be rewritten as

- o Z 1% A%, — aoN Iul[} + 1%, By -

19)
L . N-1,M
Note that the above function is quartic in {x,,(n)},,—0 ;=1
which makes the optimization difficult. To facilitate a trans-
formation to a quadratic objective, we simplify (19) as

N || Al
IA|% + ||B|I%
one can see that the criterion in (20) and (21) are “almost
equivalent” to each other in the sense that if one takes on a
small value, so does the other; particularly, the quadratic terms
in (20) become zero if (21) is zero, and vice versa.

To address the minimization problem in (21), we define:

where k Without loss of generality,

e_]wp e

- Sanl,

O]MX?N’
1"

—j2pr]T7

N:ﬁ

=
[
[
[

< e S
I

V1 -+ V2N

Consequently, one can readily rewrite the minimization prob-
lem in (21) as

min |FEX -V
(= (n)}N—l,]\/f F
" {UpfiiimZI, (22)
s.t. [2m(n)] =1, [lvpl|F = &.

The criterion in (22) can be efficiently handled via a cyclic

minimization approach. For a given {xm(n)}ﬁ;(,{;ﬁil, the
solution {v,}7 2N, can be given as
d
v, = VR (23)
1dy |2

where dl' = the p™ row of (FH X). Furthermore, note that
||FHX VHF = HX FV||F as F' is unitary. Hence, for

a given {v,}2Y,, the solution {a,,(n)} _ M | to (21) can

p=1> n:O,m:l
be found as

Tm(n) = exp(j arg([F'V]mn))-
It must be noted that the terms F¥ X in (23) and FV in

(24)

12N (24) are nothing but the FFT of each column of X and the
& = N Z tr [(X},HAX}, —aogNIy)" IFFT of each column of V, respectively. Owing to the nature
p=1 of these solutions, G-WeCAN is very fast and can essentially
X(X~PHAX~P - O‘UNIM)] + tr([(XNpTBXNp)H(XN]DTBXNP)]) begused for generating sequence sets with N ~ 10° and M ~
1 2N 10-.
L 2 1w |14 _ AL
= 2N Zl 1A Xl = 200 Nl AllplIX 17 IV. GENERALIZED CAN FROM G-WECAN
p:
+ aZN2M + | B|Z %)% .Based on above formulations we further introduce a gener-
A B alized version of the CAN algorithm [11], referred to as (G-
- MX CAN). G-CAN is even more computationally efficient than
2213]\1 ) G-WeCAN when, lowering all the out-of-phase correlation
Z 1% ”2 _ aoN||A|F 1 const and complementary correlation lags has the same importance.
— XpllF | Al% + || B||% ' Assuming {an}f:[; = {Bn = 1, the criterion in (6) can
P= (20) be simplified as
. . . . . . N_l N_l
Next, n}ét_ela% of minimizing (20) Wlth r.es.pe.ct . to - Z IRy — NIp6,|% + Z T2 (25)
{#m(n)}Z0 m=1, We resort to the following minimization e (V1) e (V1)
problem: oN
1 ~ -
2N WZH‘I)T(WP) _NIM||§7+ ||(I)7(Wp)||%
min > (1% - vl Q1) p=1
p¥p _ ~ . ~ .
=l ) where @, (w,) = >, Rpe 7™ &, (wp) = >, Tre 7mr,
s.t. [Zm ()] =1, [[vp[l = & Furthermore, following the simplification in (17), one can
978-1-5386-4752-3/18/$31.00 ©2018 IEEE 289
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(a) (b)

Fig. 1. (a) Cross-correlation and (b) complementary cross-correlation levels
of the G-WeCAN sequences for N = 1000, M = 3.

write ®,(w) = x(w)x”(w) and @, (w) = x(w)x"(W).
Consequently, (25) can be given as
) 2N
£ =g 2 Ixy — NLulli + Ioxg 17 26)
p=1

which can be further simplified as

2N
1
5 2 Clxllt — 2Nlx I + N?M)

1
2N Y 2 1 2 1
(] a) e ()
= VNI, 2 4
Finally, using the same argument following (21), the mini-
mization problem can be defined as

& 27)

2N X 2
min 22 g 28)
XpsUp ; \/N b 2
- 1
st fem()] =1, 5,3 = 5.

T()1 solve the minimization criterion in (28), we define F =
——|[f1 -+ fan]. Hence, the minimization problem for G-

E:/N
AN can simply be given in a matrix form as

2
min HFHX — VH 29)
XV F
P |
s.t. [Tm(n)| =1, |93 = 5

To find the solutions to (29), one can resort to similar cyclic
minimization techniques as detailed in Section III.

V. NUMERICAL EXAMPLES

In this section we consider minimizing the criterion in (22)
for N = 1000 and M = 3. We initialize the algorithm
with a randomly generated set of sequences with the said
length. However, other sequence families with known good
correlation properties such as Golay sequences can also be
used for initialization. To construct the matrices A and B in
(11) that are needed in G-WeCAN, we choose a2 = 32 =1
for n € [1,250] and zero otherwise. «g and Jy are chosen to
make sure that A > 0 and B > 0. For G-CAN we choose
a? = 2 =1 for all n. Fig. 1(a) shows the cross-correlation

978-1-5386-4752-3/18/$31.00 ©2018 IEEE
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10" 10? 10?
Sequence length N

Fig. 2. Comparison of ISL metric for CAN, WeCAN and G-WeCAN sequence
with N = {10, 30, 100, 300,1000} and M = 3.

=0 CAN
800 | | =l W0CAN |
GWeCAN |

Elapsed lime (sec)

Sequence length N

Fig. 3. Comparison of computation times for CAN, WeCAN and G-WeCAN
sequence with N = {10, 30, 100, 300,1000} and M = 3.

levels of the constructed G-WeCAN set of sequences for
different lags.

We also compare the generalized algorithm with previously
suggested CAN and WeCAN algorithms in terms of overall
ISL metric for different sequence length. We generate sets of
sequences with sequence length N = {10, 30, 100, 300, 1000}
and M = 3 for CAN, WeCAN and G-WeCAN. Fig. 2
depicts that G-WeCAN shows better performance than its
CAN and WeCAN counterparts. It can be noted that, whereas
WeCAN requires 2N computations of SVD of an N x M
matrix, G-WeCAN relies on computations of FFT coefficients.
Due to this fact, G-WeCAN is much faster than WeCAN
and can be essentially used for generating sequences with
length in the order of 10°. Fig. 3 shows the comparison of
required computation times for CAN, WeCAN and G-WeCAN
sequences with N = {10, 30, 100, 300, 1000} and M = 3 on
a standard PC.

VI. CONCLUSION

We presented novel cyclic algorithms, referred to as G-
WeCAN and G-CAN, to minimize a generalized WISL cri-
terion to design sets of unimodular sequences that have
good correlation and complementary correlation properties. A
number of numerical examples were provided to demonstrate
the good correlation and complementary correlation properties
of the sets of unimodular sequences obtained by the proposed
algorithms.
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