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ABSTRACT

In this paper we develop a signal processing algorithm for the detection, ranging and Doppler
localization of moving tar get using Golay code asthe phase coding signal. We exploit the side-lobes
suppression property of Golay code, that occursin complementary code pair, for side-lobe free
target detection, range estimation and Doppler localization. Golay code based phase coding is
achieved using QPSK (Quadrature Phase Shift Keying) scheme. When the transmitted signal is
reflected from a moving target, its complex demodulation is carried out at the receiver. This is
followed by correlation of each component of demodulated signal with one member of the
complementary Golay code pair separately. The correlation results of the two channels are added
together, leading to effective side-lobes suppression when phase and frequency of the demodulating
carriersmatch with that of thereceived signal. The shift in thetimeindex of the correlation peak
gives the range to the target. Frequency of the demodulating carriers at which side-lobe free
correlation peak occursat theoutput indicatesDoppler frequency correspondingtothetarget speed.
Thedeveloped techniqueexhibitsexcellent Doppler localization, tar get detection and rangeestimation
performance by overcoming the side-lobe limitations of the conventional phase coding signalsin

ranging applications.

Key Words: Correlation, Detection, Doppler Frequency, Golay Codes, Phase Coding, Range
Estimation, Quadrature Phase Shift Keying, Side L obe Suppression, Serial Search,
Frequency Banks, Maximum Likelihood Estimation.

1 INTRODUCTION

arker, PN, Kasami and Gold sequences are the

conventional phase coding signals used in

the ranging applications [1]. A continuous
phase coded signal istransmitted in the direction where
one or more targets are expected to be present. Target
detection is carried out by correlating the received
signal with the coding sequence at baseband [2-6]. The
conventional coding signals have a problem that side-
lobes appear in their correlation at the receiver [1].
These side-lobes may |ead to fal se alarms and masking
of weak targets[1].

Different approaches have been used for the side-lobefree
detection and ranging. Ackroyd, et. a. [7] have presented
an optimal inversefiltering technique for minimizing the
ISL (Integrated Side-Lobe Level) in least square sense.
Raobert, et. al. [8] have proposed codeinversefiltering for
complete side-lobe removal. But the performance of
matched filter aswell astheinversefilter degradesinthe
presence of a Doppler shifted return of the signal [8].
Mudukutore, et. al. [9] use Pulse compression toimprove
range resol ution while maintaining ahigh duty cycle. Bucci
[10] has proposed a Doppler tolerant range side-lobe

*College of Electrical & Mechanical Engineering, National University of Science & Technology, Rawalpindi.

Mehran University Research Journal of Engineering & Technology, Volume 31, No. 1, January, 2012 [ISSN 0254-7821]

1



Ranging and Doppler Localization Using Golay Code as the Phase Coding Signal

suppression scheme. Gurtz, et. al. [11] has Generated
uniform amplitude complex code setswith low correlation
side lobes. Suto, et. al. [12] have introduced atime side
lobe reduction technique for binary phase code pulse
compression. Xin, et. al. [13] have introduced a chaotic
phase code for Radar Pulse compression. Kai, et. al. [14]
discuss a new wave form with high range resolution.
Chandrasekhar, et. al. [16] present waveform coding for
dual polarization wesather radars. Jorgan, et. a. [ 14] present
azimuth phase coding for range ambiguity suppression.
Shen, et.al.[16] propose window functions for reducing
the side-lobe levels and obtaining high range resol ution.
James, et. al. [18] seek to minimize the estimation error
of arange profile directly. Sune, et. al. [19-20] uses ultra
wideband noise waveformsfor sidelobe suppression, and
applies mismatched filtering to suppressthe side-1obes of
random noise radar.

Golay codeisapair of two complementary codes, code-c
and code-k, each having length of 24, whereM isapositive
integer [22-24]. Golay codes have aremarkable property
that addition of auto-correlation of the two complementary
codesresultsin zero side-lobes [25-27]. This property of
Golay codesiswell-knowninliterature[23-25,27] and is
useful in case of detection of multiple and weak targets
[3,5]. Golay codeshavetraditionally been used for channel
codingindigital communications[22-23]. In our previous
work, we have applied Golay codesto base band ranging
applications and some communi cations applications [ 28-
29]. In this paper, we present side-lobe free ranging and
Doppler localization of amoving target using Golay Code
asthe phase coding signal . In case of ranging applications,
the index of the correlation peak gives the delay which
corresponds to the range to the target [3-4].

Rest of the paper is organized as follows. In Section 2,
we discuss detection of signals with unknown arrival
time. The side-lobes suppression property of the Golay
codesisdiscussed in Section 3. In Section 4, we discuss
QPSK pass-band scheme to achieve Golay code based
phase coded signal for transmission. In Section 5, we

present the side-lobe free detection, ranging and
Doppler localization algorithm for the Golay code based
QPSK received signal. The received signal is the
delayed and frequency shifted (due to target motion)
version of the transmitted signal. We adopt a complex
demodulation scheme for demodulating the received
signal. A phase offset isintroduced in the demodul ating
carriers at the receiver. In order to match phase and
frequency of the demodulating carrierswith that of the
received signal, serial search strategy is adopted. The
in-phase component of the demodulated signal is
correlated with code-c and the quadrature component
with code-k. The auto-correlation results of the two
channels are added together, leading to effective side-
lobes suppression when phase and frequency of the
demodulating carriers match with that of the received
signal. Frequency of the demodulating carriers then
equals the Doppler frequency that corresponds to the
speed of thetarget. The side-lobe free correlation peak
occurs at adelay corresponding to the range of the
target. Computer simulations demonstrate useful ness of
the ideas presented. In Section 6, two other efficient
approaches to frequency and phase matching are
discussed very briefly i.e. parallel frequency banks and
the MLE (Maximum Likelihood Estimation) technique.
In Section 7, the detection performance of the detector
for the detection of Golay code based QPSK transmitted
signal is discussed. Concluding remarks are given in
Section 8.

2. DETECTION OF SIGNALSWITH
UNKNOWN ARRIVAL TIME

Golay code based phase coded signal is transmitted
continuously in a specific direction. Echo with adelay is
received from the target by the receiver placed besides
the transmitter. Thisis the problem of detecting a signal
with unknown arrival time [2-4]. This delay is detected
by correlating the received signal with the code sequence
at baseband [3-4]. Hence, a GLRT (Generalized
Likelihood Ratio Test) can be employed as a detector/
estimator [2,4]. We consider following two hypotheses:
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H: x[n]=w[n] n=0,1....N-1 (1

H,: x[n] =s[n-n ] +w[n] n=0,1....N-1

1

where s[n] is a known deterministic signal that is non-
zero over the interval [0,m-1], n_ is the unknown delay,
and w[n] is WGN (White Gaussian Noise) with zero mean
and variance ¢*. H, is the noise-only hypothesis, whereas
H, is the noise-plus-signal hypothesis. Clearly the
observation interval [0,N-1] should include the signal for
all possible delays. A GLRT would decide H, [3] if
following inequality holds:

p(x; ng, H] )
>7
o)
where 7, is the MLE of n [2-4]. p(x;ng,H)is the PDF
of x under H and p(x;H,) is the PDF of x under H,. n,, is
found by maximizing Expression (Equation (2)) over all

possible n [2-4].

ny+ M-1
> x|nlsin—n
.5, [n=no] @
The received signal, after complex demodulation, is
correlated with all possible delayed signals and 7, is
chosen to be the value that maximizes Expression

(Equation (2)). In case of H , Expression (2) becomes [3]:

ﬁO+M—1
> x[n}s[n—ﬁo] >y! 3)

n:;lo

Expression (Equation (3)) shows the correlation of x[n]
with [n—fzo]. The maximum value of correlation is
obtained at »n — ngy , which is compared with a threshold
y' . If the threshold is exceeded, a signal (target) is
declared to be present and its delay (range) is estimated

as n,, ; otherwise noise only is declared [2,4].

3. SIDE-LOBE SUPPRESSION
PROPERTY OF GOLAY CODE

Golay code is a pair of complementary codes (say code-c
and code-k) [21-26]. When the autocorrelation results of
the codes of a complementary Golay code pair are added,
the side-lobes in the two correlation results being
complementary to each others are canceled and hence
completely suppressed [21-27]. We demonstrate this side-
lobe suppression by using a complementary Golay code
pair of length 64. Auto correlation of the two members of
the complementary Golay code pair of length 64 are given
in Figs. 1-2. When the correlation results of Figs. 1-2 are
added, the side-lobes are completely suppressed as shown
in Fig. 3. In the ranging applications, the final display of
the target range is on a 1-to-M samples map as shown in
Fig. 4. M is the length of individual code.

4. GOLAY CODE BASED QPSK
TRANSMISSION

A pass-band communication scheme is adopted for
Doppler localization application. We use the QPSK
scheme for transmitting both the codes of the
complementary Golay code pair in the pass band; and to
achieve the Golay code based phase coded signal. Code-
cis used to modulate the in-phase carrier cos(w_n), whereas
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FIG 1. AUTO-CORRELATION OF CODE-C OF GOLAY CODE
PAIR

Mehran University Research Journal of Engineering & Technology, Volume 31, No. 1, January, 2012 [ISSN 0254-7821]

3



Ranging and Doppler Localization Using Golay Code as the Phase Coding Signal

code-k is used to modul ate the quadrature carrier sin(o n).
Thesetwo BPSK modulated signal sare added which gives
the Golay code based phase coded QPSK signal for
transmission asdepicted in Fig. 5. Thetransmitted QPSK
signal is[6,30].

g[n] = c[n] cos(w n) + k[n]sin(w n) 4
5. TARGET DETECTIONAND RANGING

51 Framework

Echo is received by the receiver with delay n; from an
approaching target with vel ocity corresponding to Doppl er

701 Auto Correlation of Second Member of Golay Code Pair
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FIG 2. AUTO-CORRELATION OF CODE-K OF GOLAY CODE
PAIR
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FIG 3. SUPPRESSED SDE LOBESIN THE ADDITION OF
CORRELATION RESULTS OF COMPLEMENTARY PAIR

frequency w,. The carrier frequency is shifted from w_to
o.+o, and some phase distortion ¢ is introduced in the
received signa dueto the channel effect and delay n.. The
signal received at the receiver isgiven by [6]:

rin]=c[n-n Jcos((®_+w )n+)+k[n-nJsin((w_ +w )n+d) (5)

Where ¢ isafunction of the target delay n,. The receiver
for the Golay code based QPSK transmitted signal isgiven
inFig. 6. We have adopted complex demodul ation scheme
for processing the received signal. The received signal
r[n] is demodulated by the in-phase carrier cos(w,), and
the quadrature-phase carrier sin(w_) [6]. For Doppler
localization of the moving target we vary the frequency of
both the demodulating carriers simultaneously from

Single Target Detected at a Certain Range
140 | . . . | .

120 H 1

100 b

]
o
T
1

0r .

Correlation Value
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_QD 1 1 1 1 1 1
0 10 20 30 40 a0 [=in] 7o
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FIG 4. FINAL DISPLAY OF THE TARGET RANGE ON A 1-M
SAMPLES MAP

cos(®, )

code-c ><

QPSK
transmitted
signal s[n]

code-k >®
f

sin(w,n)

FIG 5. GOLAY CODES BASED QPSK TRANSMISS ON
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®-0, tooto, inincrements of frequency Ao until
we reach the frequency o +o_. @, is the pre-defined
maximum Doppler frequency which can be handled. In
case of a receding (opening) target, the corresponding

frequency of the received signal is ® -o,.

In Fig. 6, LPF stands for low pass filtering. To cater for
the phase ¢ introduced by the channel into the received
signal, a phase offset ;ﬁ is introduced in the demodulating
carriers. For each frequency of both the demodulating
carriers, the phase offset & is varied sequentially from 0-
27. The reason for introducing this phase offset into the
demodulating carriers will be explained later. After low
pass filtering, we correlate (at base band) the in-phase
component of demodulated signal with code-c, and the
quadrature-component of demodulated signal with code-
k. The two correlation results are added. When the
frequency and phase of both the demodulating carriers
matches to the frequency and phase of the received signal
1[n], we get a side-lobe free delta function at a delay 7
[2,5]. ng is the MLE of the delay n_corresponding to the
range of the target [2].

When the frequencies of both the demodulating carriers
match the frequency of the Doppler shifted received signal
i.e. o tw,, the in-phase component of the complex

demodulation is [6] given by:

Lo = oo (o, + 0 )| ln-maJ oo+ ) )]
[cos((mc, + (un)n + ¢)}l [ﬁo] = (:[n - ][Cus(;/} + ¢) + cos(z(w(, + ‘”D)” +¢+ ¢>)]
g [[sn(s- )]+ s + 0 ) 4+7)] (6)

cos((u)(+oa,>)n+$)

Received
Signal
r[n]

Side-lobe free
Delta function
of correlation at

the delay n,

sin((o 4+ o,)n+$)

FIG 6. DEMODULATION SCHEME AND THE CORRELATION
AND ADDITION ALGORITHM

And the quadrature-component of the complex

demodulation is [6] given by:

wlio] = fn- WO][COS(WU vo i ¢] Al g (sl + wp)n+ 6)]
[sin(((«)c +op)n+ @)}0 [ig] = e[n- no][sin(qﬁ +9)+sin(2(wp +op)n+ g+ ¢)]
#dln =g [ [eos(6 - 8)]+ cos(2( + 0 )+ 6+9)] @)

The high frequency terms in Equations (6) and (7) are
filtered out by the low pass filters:

1 [ﬁo} = c[n —no]cos(qﬁ— ¢) + k[n - no}sin(gﬁ— 43) ®)
rQ[ﬁO] = c[n - no]sinbf - fg + k[n - no]cosbf - fg )

Correlation of the in-phase component is carried out with

code-c at baseband which gives following result [30]:

Here y, is the correlation value) The first term on the right
side of Equation (10) is the correlation of code-c with
itself. The second term is the cross-correlation of code-c
with code-k [30]. We denote it by y(c_k ).

Correlation of the quadrature-component is carried out
with code-k which results in [30]:

ﬁO+M—1
yQ[ﬁO}: 3 c n—no]k{n—ﬁo sin(¢—;é)
n=ng
ﬁ0+M—1 ()
+ n:zﬁ k{nfno}k[nfﬁo]cos((/ﬁf;ﬁ)

0

Herey,, is the correlation value. The first term on the right

side of Equation (11) is the cross-correlation of code-k
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with code-c. We denote it by y(k ,c ). The second term

n-n0

is the auto-correlation of code-k with itself.

To get rid of the cross correlation terms in the correlation
results of in-phase signal (Equation 10) and the quadrature-
phase signal (Equation 11) is a challenging task. We
proceed as follows. We add the two correlation results
(Equation 10 and 11) and get Equation (12).

),-[,ao]z Mo‘[n - il():|cos(¢ - /;) + [\»(u”,k” o J + ),-[A-n e " j}in((p - J;) (12)

Here M is the code length of each Golay code member in

the complementary pair.

In Equation (12), y(c k ), y(k c ) are the two cross

n-n0
correlation terms of Equation (10) and (11) respectively.
In Equation (12), we get a delta function &[n —ngJhaving
amplitude 2Mcos(4— @) and the addition of the cross-
correlation terms scaled with . When frequency
and phase of the demodulating carriers matches with that
of the received signal, the cross correlation terms in the
correlation (Equation 12) become zero and we get a perfect

delta function at a delay n, given by:

y[ﬁO]ZMd[n - ﬁo] (13)

Equation (13) states that the correlation undertaken by
GLRT has maximum value (correlation peak) at
n— ﬁO [2]. This maximum value of correlation is
compared to a threshold. In case of the presence of a target,
the threshold is exceeded. A signal (target) is declared to
be present and its delay (range) is estimated as ﬁO [2].
Otherwise noise only is declared. Thus the delay (n - ﬁo)
corresponding to the range to the target and the Doppler
frequency corresponding to its speed are determined using
the side-lobe suppression property of the Golay code by
following the demodulation, correlation and addition

algorithm.

5.2 Simulation Results

We demonstrate the performance of proposed algorithm
for side-lobe free detection, ranging and Doppler
localization of a moving target using Golay code as the
phase coding signal by using computer simulations. Here
simulations are presented for a maximum range of 5m
(ultrasonic environment). Length (M) of each code of the
complementary Golay Code pair used for phase coding

the carrier signal is 256.
Chip Time T, = 0.13x10”sec.

Repetition Period is T = MT_ =256x0.1310" = 3.58x10®

S€C.

Maximum Range R = CT/2= 5m (Here C is the speed of
light).

Range Resolution = Maximum Range/Length of the coding
sequence = 5/256 = 1.9cm.

Hence 1 sample delay = 1.9cm range.

An approaching target with velocity corresponding to a
Doppler frequency  is assumed to be present at a range
0f 0.9765 m from the receiver. It is also assumed that a
phase offset @=n/4 has been introduced in the Golay code
based QPSK received signal.

Time delay corresponding to 0.9765 m range is A=6.5x10
seconds = 50 samples delay.

Hence delay introduced in the received signal is n,=50
samples which is to be found. We vary the frequency of
the demodulating carriers serially from o_ to o+, in
increments of equal frequency length. For each selected
frequency of both the demodulating carriers, the self
introduced phase  at the demodulating carriers is varied
from 0-21 in equal increments of ©/16 each. When
frequency of both the demodulating carriers matches the
frequency of the Doppler introduced received signal i.e.
o _to,, after following the demodulation, correlation and
addition algorithm at the receiver the resultant signal
corresponds to Equation (12). In Equation (12)
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¢=Phase distortion in the signal due to the channel effect

and target delay.
#=Self introduced Phase into the demodulating carriers.

The simulation results are as under.

52.1 Case-l1 ¢=7r/4,4=7r/16

Correlation of the in-phase component of demodulated
signal (Equation 10) with code-c is given in Fig. 7.
Correlation of quadrature-component of the demodulated
signal with code-k (Equation 11) is given in Fig. 8. And
the addition of the two correlation results (Equation 12)

is shown in Fig. 9.

It can be observed that as the difference between ¢ and
¢ decreases the level of side -lobes reduces in the final
correlation result.

522 Case2 ¢g=r/4,p=47/16

The addition of the two correlation results (Equation 12)

for this case is given in Fig. 10.

523 Case-3 ¢=r/4,6=37/16

The addition of the two correlation results for this case is
given in Fig. 11.

Correlation of In-Phase Component

120
of the Demodulated Signal

—
(=
S

e}
(=)

(=)
(=]

40

Correlation Value

1 O 1 1 © 1 1 J
0 100 200 300 400 500 600
Time Delay (Samples)

FIG 7. CORRELATION OF IN-PHASE COMPONENT OF
DEMODULATION WITH CODE-C

It can be observed that as the difference between ¢ and ¢
decreases the level of side -lobes reduces in the final

correlation result.

52.4 Case-d4 g=r/4,4=47/16

The addition of the two correlation results is given in
Fig. 12. Here it is clearly seen that as ¢ = ¢, the side-
lobes are completely suppressed. So the main lobe of
correlation is left whose time index gives the round trip
delay 7, corresponding to the range to the to the target

range. When the difference between ¢ and ¢ increases,

Correlation of Quadrature Phase Component
120 of the Demodulated Signal

100

N [ee]
S (=

Correlation Value
&
S

0 100 200 300 400 500 600

Time Delay (Samples)

FIG 8. CORRELATION OF QUADRATURE-COMPONENT OF
DEMODULATION WITH CODE-K

250y Addition of the Two Correlation Results
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_ —
= @
S =)

W
(=]
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FIG 9. ADDITION OF THE TWO CORRELATION RESULTS
(CORRELATIONS OF FIG.7 AND FIG.S)
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the level of side-lobesin the final result increase. It isto
be noted that after following the demodulation, correlation
and addition algorithm, a side |obe free delta function of
correlation occurs at a delay (n)if and only if the
frequency and phase of the demodulating carriers matches
with that of the Doppler introduced received signal. The
final display of thetarget range will be on a1-256 samples
map as shown in Fig. 13. The signal strength reduces
proportionally after reflecting from aweak target (adistant
or small irregular target). Detection and ranging of a75%
weak target isshownin Fig. 14.

250 Addition of the Two Correlation Results
o)

200+

150+

100 -

Correlation Value

50+

0 100 200 300 400 500 600
Time Delay (Samples)

FIG 10. ADDITION OF THE TWO CORRELATION RESULTS

3001 Addition of the Two Correlation Results

250 | ¢

200 ¢

@
3
;

—_

(=3

(=]
T

Correlation Value

0 100 200 300 400 500 600
Time Delay (Samples)
FIG 11. ADDITION OF THE TWO CORRELATION RESULTS

6. ALTERNATE APPROACH TO
FREQUENCY AND PHASE
ESTIMATION

Serial search strategy, discussed in preceding Section, for
the frequency and phase is a time consuming technique
sincewe haveto try many combinations of frequency and
phase. Efficient techniques for frequency and phase
estimation exist in literature. We can use parallel frequency
banks technique and the MLE of the phase as the fast
variants of the serial search technique. We discuss them
here briefly.

3001 Addition of the Two Correlation Results

250 -

— N
w [=3
(=] (=]
T T

Correlation Value
—_
(=4
S

0 100 200 300 400 500 600
Time Delay (Samples)

FIG 12. ADDITION OF THE TWO CORRELATION RESULTS

600 1 Object at a Distance of 0.9765m

500 | u
400 |

300 ¢

Correlation Value

100k X=50
Y=512

_100 L L L L L ]
0 50 100 150 200 250 300

Time Delay (Samples)
FIG. 13. DELAY OF THE OBJECT PRESENT AT 0.9765 M
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6.1 The Parallel Frequency Banks
Technique

In this technique we place the demodulation, correlation
and addition block (DCA-Block of Fig. 6) in anumber of
timesin parallel. Each DCA block hasauniquefrequency
of the two demodulating carriers. The difference in
frequency of the demodulating carriers of two consecutive
DCA blocksis Aw. Phase of the demodulating carriersis
variedfrom 0-2r at each DCA block. Theincoming signal
isintroduced to all of the DCA blocks simultaneously, as
shown in Fig. 15. The DCA block whose frequency
matchesthefrequency of the Doppler introduced received
signal givesdeltafunction of correlation with suppressed
side lobes at its output when ¢ = ¢. This technique is
efficient as compared to the serial search strategy.
However, more hardware resources are required for this
technique.

6.2 MLE of the Phase of the Received
Signal

In this approach, we find the MLE of the phase of the
received signal. Then weintroduce a phase offset equal to
the MLE of the phase of the received signal

6001 A Weak Target Detected at a Range of 0.9765m

500} u

400+

29
(==
(=]

[
=3
(=}

Correlation Value

100+ X=50
Y=512

-100 : : : : : :
0 50 100 150 200 250 300
Time Delay (Samples)

FIG. 14. DETECTION AND RANGING OF A WEAK TARGET

simultaneously at the both the demodulating carriers of
the DCA Block (Fig. 6) to get the side-lobe free delta
function of correlation.

6.2.1 FindingMLE of Phase of the Received
Signal

After demodulating the received signal r[n] with the in-
phase and quadrature-phase carriers (without introducing
the phase) followed by correlation with code-c and code-
k respectively (Fig. 16), the maximum value of each
correlation and itsindex is picked. The MLE of thecarrier
phaseisfound by the following relation [6].

Received Signal 1{n]

Addition of the

5| DCABlockn |l &~ Corrclation
> 040, 0<p<2T Results

| ! | Suppressed
e Suppresse

i Side-Lobes

> DCA Block 4 > in the Correlation
0+®,,=0,0=0

»| DCABlock3 (1
,,0<¢<2n

DCA Block 2
»,-0,,,0<0<2n

DCA Block 1
»=0,0<6<2n i

FIG. 15. PARALLEL FREQUENCY BANKS TECHNIQUE FOR
FINDING THE FREQUENCY OF THE DOPPLER INTRODUCED
RECEIVED S GNAL

cos(m,n)
Received Y X -
Signal tfn] T3 X c c-correlator > y,[i1,]

LPF k-correlator Volig]

?

sin(®,n)

FIG 16. FINDING MLE OF PHASE OF THE RECEIVED SIGNAL
FIG 17. INTRODUCING MLE OF THE PHASE INTO THE
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I many[ﬁO]
MLE of Phase = ¢=-tan max [flo] (14)

where y[ny] and y,[n, ] are the correlation values given
by:

ny+M-1
N [fzo] = X c[n —ng ]c[n - ﬁo][cos(w ph+ ¢)]
n=n
A 0 (15)
n0+M—1
+ X k[n—no]c[n—fzo ][sin(a)Dn+¢)]
n=n,
ny+M-1
yQ[ﬁo] = n:Zﬁ c[n —ny ]k[n —ny ][sin(a)Dn + ¢)]
_ 0 (16)
nO+M—1
+ 2 c[nfno ]k[nfﬁO][cos(a)DnJr(/ﬁ)J
n=n,

6.2.1 Using MLE of the Phase of the
Received Signal

After finding the MLE of the phase of the received signal,
the demodulating carriers at the receiver are given phase
offset by an amount ;ﬁ as found using Equation (14).
Fig. 17 shows how ¢ is used by the receiver. MLE of
phase of the received signal can be introduced

simultaneously to the demodulating carriers of all the
DCA blocks of Fig. 15.

MLE of phase &) of the
cos((®,+o,)n+d) A/ received signal r{n]
c D.

77> oo

sin((®, o D)n+$)

DEMODULATING CARRIERS OF A DCA BLOCK AT THE
RECEIVER
FIG 18. ROC OF THE RECEIVER FOR THE DETECTION OF

Received
Signal r[n] ~ |

X)<

»’I‘

7. Receiver Operating Characteristics of
the Receiver

The detection performance of a detector is the plot of
detection probability versus probability of false alarm [3].
Performance of detector for the detection of phase coded
signal with Golay code is evaluated for three different ENR
(Energy to Noise Ratio), and the results are presented in
Fig. 18.

The ROC (Receiver Operating Characteristics) shows that
P increases with decrease in noise variance. This shows
avery good detection performance of the detector for the

Golay code based received signal [3].
7.1 Results and Discussion

The unconventional use of Golay codes in ranging
applications by exploiting their side-lobe suppression
property, the effective use of the QPSK scheme to achieve
phase coding and pass-band transmission of both the
complementary codes on the same signal are innovative
research ideas. Furthermore, the development of the
demodulation, correlation and addition algorithm for pass-

band Doppler localization, detection and side -lobe free

Receiver Operating Characteristics
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ranging (Equation 12) are very useful research
contributions made in this paper. The demodulation
scheme isintelligently used for Doppler localization by
following the correlation and addition algorithm. Use of
phaseoffset ¢ at thedemodulating carriersisyet another
effective use of the parametersof the demodulating signal
to cancel the cross-correlation side-lobes in the final
correlation result (Equation 12). For efficient execution
of thealgorithm, the parallel frequency banksand the MLE
of the phase of the received signa are discussed very
briefly as the possible variants of the basic serial search
strategy. Even much efficient and accurate estimation
techniques for the frequency and phase of the received
signal can be adopted. In our algorithm, estimation of
Doppler frequency and phase of the received signal are
achieved as the necessary conditions in the complete
execution of the algorithm. This signal processing
algorithm is a new addition in the Doppler localization,
side-lobe free detection and ranging applications for
example civil defense radar. Furthermore, its application
may be found in some of the important mobile
communications problems such as carrier phaserecovery
when the receiver (mobile phone set) isin motion. With
its sound mathematical basis, Golay code based QPSK
scheme and the signal processing algorithm are expected
to become an important tool in Doppler localization,
detection and ranging applications.

8. CONCLUSION

We have seen that the devel opment of Golay code based
QPSK Scheme and the detection and ranging algorithm
(Equation 12) has overcome the side-lobe limitations of
the conventional coding signals in ranging applications
i.e. of Barker, Kasami, PN and Gold Sequences etc.
Doppler localization isachieved asanecessary condition
in the complete execution of the ranging algorithm. Side-
lobe free delta function of correlation is achieved at the
output of thereceiver at adelay (n,) when thefrequency
and phase of the demodulating carriers match with
frequency and phase of the Golay code based received
signa. Paralldl frequency banksand the ML E of the phase

of the received signal can accelerate the execution of the
algorithm. This new scheme and signal processing
algorithm exhibits good Doppler localization and ranging
capability, and the detector for Golay code based QPSK
signal exhibitsexcellent detection performance. Our work
furnishes sufficient details so as to make the basic theory
of Doppler localization and side-lobe free detection and
ranging using Golay Codes clear and ready to be used by
adesigner. Thetheory isexpected to attract amuch wider
area of research in the future. It will give rise to new
algorithmsand solutionsfor adiverserange of estimation/
detection, ranging and Doppler localization problems
especially in case of detection and ranging of weak targets.
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