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Abstract— The development of modern radar technology
demands multi-functional features that lead to the importance
of designing a flexible, software-controlled digital waveform
generator. The CC-OFDM MIMO radar waveforms allow
flexibility in subcarrier management; hence it is possible to
generate multiple narrow beams which transmitted
simultaneously for providing all time coverage of the area.

However, the main issue of OFDM is the high level of its
PAPR value. This will cause non-linear distortion that
potentially ruin the orthogonality of the OFDM subcarriers
and in the end gives error in the radar detection results. In
this paper, PAPR reduction using phase coding is done, by
comparing the performance of complementary Hadamard,
complementary Golay codes and combining it with Selective
Mapping (SLM). The PAPR results show that complementary
Golay codes without SLM are superior to complementary
Hadamard with or without SLM. The maximum PAPR value
of 65 beams transmitted simultaneously are 4.9 dB and 11.1
dB for CC OFDM waveform using complementary Golay
codes and Hadamard respectively.
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. INTRODUCTION

The research on the modern radar waveform has been
rapidly increased over the years since the idea of combining
radar and communication systems. The multifunctional
radar has been one of the requirements of the modern radar.
Hence, OFDM has been discussed as a potential candidate
because it is used in communication nowadays and it has
some unique characteristics that are very useful for radar
system. The orthogonality between the OFDM subcarrier
brings a huge advantage to radar detection performance.
MIMO radar using OFDM waveform gives the possibility
of multibeam transmission with circular code on its
transmitters and by using sub bands division and allocation,
as well as codes allocation schedule for producing the
multibeam signals [1]. Because of the orthogonality
between the OFDM subcarriers, the radar detection will
provide a range and Doppler profile which are independent
of each other, unlike the case when LFM signals are used.

However, the advantages come with a challenging
problem, because of the nature characterized by its high
peak to average power ratio (PAPR). This will potentially
cause problems because the high peaks can cause a non-
linear distortion when it passes through the power
amplifiers[2-3]. High PAPR signal required a power
amplifier with a wide dynamic range to handle the peak
power levels. It will add more complexity and cost to design
such amplifiers. High PAPR signals can cause interference
to the neighboring channels due to the nonlinear effects.
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Hence, it is better to avoid the nonlinear effects, by reducing
the PAPR of the signals transmitted through the power
amplifiers.

There are several techniques which are commonly used
to reduce the PAPR of the OFDM signals, such as clipping
and filtering [4], PTS [5-9], coding [10-14], selected
mapping (SLM) [12-13], etc. From those options, clipping
is not the best solution because clipping itself is a nonlinear
process and it may cause in-band and out-of-band
interferences that will destroy the orthogonality between the
OFDM subcarriers. Another option is by using phase coding
of the OFDM subcarriers that must result in the lowest
possible PAPR.

In consideration of orthogonalization of OFDM
symbols as previously discussed, the codes of choice must
meet the two objectives of orthogonalizing the symbols and
producing a low PAPR. Two types of codes considered for
these purposes include Hadamard and Golay codes, which
are subsequently compared, including the cases in which the
Selective Mapping (SLM) technique is implemented. In this
paper, the evaluation of these codes implemented in OFDM
MIMO radar waveforms are discussed, from which the
Golay codes, even without the SLM, emerge as the best one
that fulfills the two objectives. Hence, Golay codes can be
considered the best option in these cases. In fact, Golay
codes have been used in [14] to lower the PAPR of the
OFDM signal.

Il. CC-OFDM MIMO RADAR SIGNAL AND SYSTEM

The array factor (AF) of the CC-OFDM waveform as a
function of angle 0, subcarrier frequency f,,, and time
delay At for phase steering of the b-th beam is given by:

AF(6, foap Aty)

(Ng—1)
2
- p2m At pa(6)
= Copap Ip eJP27 fnab Aty elp )
__(Ne—1) the waveform the array
T2 effect radiation effect

steering vector, svp(6,fn,a,bAtp)

With B(fn‘a_b Atb) = 2mfpqpAty, denotes the phase
difference between the array antennas. n,; denotes the n-
th subcarrier used by the a-th symbol of the b-th beam, and
fnap = NapAf is the subcarrier frequency in Hertz.
Cnp,ap 1S the phase correction given to the n-th subcarrier
used for the a-th symbol of the b -th beam which is
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transmitted from the p-th transmitter. The array factor
formula in Eg. (1) shows two terms related to the waveform
effect and the array radiation effect. The array radiation
effect will depend on the physical array configuration,
while the other one depends on the waveform design. The
OFDM waveform generated in transmitter p, for the a-th
symbol of the b-th beam is defined as follows:

@

xz‘;f;lgl ) = Z gnabefZ"fn,a,b(f—(a—l)To)

n=0
ngggl (t) is a-th symbol of the Golay coded OFDM signal
of the b -th beam which is transmitted through the p-th
transmitter. When N; elements are used for transmitting the
signals then the CC-OFDM transmit signal in baseband will

be:
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Fig. 1 CC-OFDM MIMO radar signal transmission.

p=-(")

Fig. 1 shows the CC-OFDM MIMO Radar transmitters,
with N, number of transmitters, and the zero-phase
reference is in the center of the array. Each transmitter
element p will transmit CC-OFDM waveform, x(t —
pAt), which basically the same as waveform as x(t), only
it has a small-time delay difference between its successive
elements. This time delay difference represents the phase
difference required by the antenna array elements to create
beam towards a specific direction.

In this paper, the radar waveform specifications are
specified in Table 1. The radar waveform is specified for a
long-range surveillance radar, with 65 beams for coverage
from -45 to 45 degrees. The total number of subcarriers are
divided into 8 sub bands with 256 subcarriers per sub band.
The 65 beams are transmitted using these 8 sub bands,
which means each sub band is responsible for transmitting
8 beams on average.

The sub band and codes allocation for the beams are crucial
for maintaining the orthogonality between the OFDM
subcarriers and also keeping the PAPR low in such a way

that it will not cause non-linearity distortion on the power
amplifier.

Table 1 Radar Waveform Specifications for long range surveillance

Specifications Unit
Carrier frequency 3 | GHz
Bandwidth 20 | MHz
Number of subcarriers 2048 | Subcarriers
Number of sub bands @) Sub bands

Number of sub carriers per sub | 256 | Subcarriers
band

Number of beams 65 | beams
OFDM symbols duration 0.1 | ms
Subcarrier spacing 10 | kHz

The OFDM signal generator is basically an IFFT
operation, which provides OFDM with flexibility on its
subcarrier’s allocation. It will be a benefit for CC OFDM,
because the sub band allocation of the beams can be
arranged so that it could be used for transmitting multi
beams simultaneously.

Fig. 2 shows the digital waveform generator for single
beam, for example, beam -31 will be transmitted using sub
band 1, then a code with the same length with the number
of subcarriers per sub band is needed for coding the
subcarriers phase of sub band 1. Based on the waveform
specification in Table 1, the number of subcarriers per sub
band is 256 subcarriers. Hence the code length must be 256
bits consisting of -1, or 1. According to [1], the center main
lobe of beam -31 is directed to the angle of 8, = —43.1°.
For generating only beam -31, a specified code is used to
code the subcarriers in sub band 1 which are used for
transmitting beam 31, and the other subcarriers are set to 0.
The coded OFDM subcarriers are the undergo an IFFT
procedure to obtain the time domain representation of the
OFDM signal. After IFFT, the time domain OFDM signal
is then digitally converted to an IF frequency of 20MHz.

By using a specified scheduling as introduced in [1],
for the sub band and the code for the beam, the same
procedure can be used for generating each individual beam.
It means there will be 65 beam signals which are stored and
served as the radar signal references. Multiple and
simultaneous beams can be obtained by adding up the 65
individual signals and transmitting them using the 8
available sub bands. Because the 65 beam signals are coded
using orthogonal codes, even though they are transmitted
simultaneously, the reflected signal coming from the
targets can be distinguished by the radar receiver.

In this paper, two orthogonal codes, i.e., Golay and
Hadamard codes are analyzed, in order to find the most
suitable codes which can fulfill the requirement of CC-
OFDM MIMO radar. The two important characteristics
that the code must have is orthogonality and that it can
lower the PAPR of the OFDM signal. The code generators
for Golay and Hadamard codes are discussed in the next
section.
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Fig. 2 Digital Waveform Generator for a specified beam b, on the p-th transmitter, which also involves digital up-conversion from
baseband to the first IF frequency band [1].

I1l. HADAMARD AND GOLAY CODE GENERATORS

Golay codes are suitable candidates for OFDM MIMO
radar because it has two important characteristics. The
codes are orthogonal, and it has low PAPR value. Golay
codes have a property that the summation of the
autocorrelation between codes are equals to 2 4(t) with zero
sidelobes. The chosen codes will be assigned to the OFDM
subcarriers, which are responsible for creating the 6, beam.
Then the length of the code will be equal to the number of
subcarriers per beam N,.

In this paper, CC-OFDM MIMO radar waveforms for
surveillance as specified in [1] is used. The number of
subcarriers per beam,N_,=256 subcarriers. It is related to
the mission requirement for the low power mode, where
range resolution of 60 meter per beam direction is needed.
The desired codes must be orthogonal and, more
importantly, they must give the lowest PAPR values. In the
following, the two codes, Hadamard and Golay codes are
compared with respect to their orthogonality and their
PAPR performance.

A. Hadamard Codes

Hadamard codes have been known and used in
communication systems because of their orthogonal
properties [9-10]. Hadamard codes can be generated
recursively using Walsh-Hadamard matrix generator:

Hy,,  Hyp ] 4)

Hy =
N7 [Hy,, —Hyp

with the initial value of H; = 1.

For the surveillance radar under consideration,
generation of  H,se will provide 256 X 256 matrix
consisting of 256 codes with a code length of 256 chips.
Out of 256 codes available 65 codes can be chosen to
produce 65 orthogonal beams?.

B. Golay Complementary Codes [3]
The Golay matrix generator is formulated by first
initializing the Golay code matrix G for N = 1, with the

value of G; = G, = 1, where Gy is a commuted version of
Gy, while N is the code length.

Gn ~g ®)
Gy=|?* 2
N Gyv —Gn
2 2
G =[GN/2 _cw/z] (6)
N Gyz  Guyz

The codes are complementary when the sum of its
autocorrelation is following:

N - ()
E(xx Ay =2 20

. k*k+i kJk+i 0 i#0
=1

Taking the Fourier transform of both side of the equation
results in the summation of the power spectrum of X and Y.

IX(OP+IY(HI? = 2N 8)
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Hence the spectrum is bounded by 2N, |X(f)|? < 2N. By
assuming that the power of the sequence x is equal to 1,
then the average power is N.

2N 9
PAPR < N - PAPR < 3dB

Subsequently, comparison is made between the resulting
PAPR per-OFDM symbol coded using Hadamard code and
Golay complementary code. It can be seen from Figure A.1
that the PAPR per symbol of Golay-coded OFDM is better
than the Hadamard-coded one. Golay codes give PAPR
around 3 dB while Hadamard gives PAPR in the range of
14-24 dB. This result agrees with Prasad’s analysis in [2].

PAPR of 256 coded OFDM symbel using Hadamard Code
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Fig. 3 PAPR of each of 256 coded OFDM symbols with (a) Hadamard
codes and (b) Golay codes.

The PAPR of a single transmission of CC-OFDM
waveform, which are coded with 256 variations of
Hadamard and Golay codes are shown in Fig. 3a and Fig.
3b respectively. The PAPR value of OFDM waveform
using Hadamard codes is relatively high in the range of 14.4
to 24 dB while for Golay coded CC-OFDM waveform the
PAPR is around 3dB. From these results, for single CC-
OFDM waveform transmission, Golay code superior to the
Hadamard codes.

According to the radar specification in Table 1, 65 beams
are going to be transmitted simultaneously using 8 sub-
bands. Hence, there should be combinations for the 65
codes that will give the lowest PAPR values.

In this paper the PAPR of 1000 combinations of 65 codes
in 8 sub bands are calculated and shown in

Fig. 4. It can be seen that using Hadamard complementary
code the PAPR is around 11 dB while with Golay
complementary code the PAPR is around 4.9dB. Hence, the
Golay codes still are superior to Hadamard complementary
code. In order to attempt to reduce the PAPR value
furthermore, the additional Selective Mapping (SLM)
technique is applied to the CC-OFDM waveform.

C. Selective Mapping (SLM) Technique [9-10]

The SLM technique is implemented to the coded OFDM
signals by the following procedures:

PAPR of 65 beams with complementary pair Hadamard coding transmitted simultaneously
20 v v v v v v Y . - T

18 P, =11.137
P&= 11.0829

PAFR (dB)
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(a)

PAPR of 65 beams with Golay coding transmitted simultaneously

18 P =489 |
P&:d.&l&?

PAFR (dB)
=

100 200 300 400 500 600 70O 800 900 1000
symbol

(b)

Fig. 4 PAPR of 65 beams CC-OFDM signals transmitted
simultaneously, with: (a) Hadamard complementary codes, and (b)
Golay complementary codes
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Fig. 5 PAPR of OFDM signals applying the SLM technique with (a)
Hadamard codes and (b) Golay codes.

i. Shift the phase of the Hadamard/Golay codes before
applying the IFFT to get the coded OFDM signal.

ii. Generate randomly the phase shift variation for each of
the subcarrier. The phase shift has 4 possible values,
namely {1, -1, j, -}

iii. Multiply the Hadamard codes, which are basically a
BPSK signal (1, -1), with the phase shift, so that they
become like a 4-PSK signal.

iv. Apply IFFT to obtain the coded OFDM signal

v. Calculate the PAPR of the signal

vi. Repeat the step for all the possible phase shift
combinations

vii. Compare the PAPR of the signal and find which
combinations gives the lowest PAPR

viii. Save the phase combinations which give the lowest
PAPR.

It can be seen in Fig. b5, that after implementing the
additional SLM technique, the PAPR of the Hadamard
coded OFDM signal is in the range of 5.4 to 6.1 dB, while
with the Golay codes, the PAPR is around 6.2 to 6.3 dB.

Based on the comparison and analysis of the performance
of the Hadamard and Golay codes for coding the subcarrier
of the OFDM signal, regarding the PAPR value, Golay
codes are superior to the Hadamard codes.

Besides the low PAPR values, the codes that are used for
coding the beam must be orthogonal. Fig. 6 shows the
correlation matrix of the 256 Golay and Hadamard codes.
The two figures show that the correlation between the codes
is zero, except when the code is correlated with itself. It
means that both the codes are orthogonal.

Golay Codes . . Hadamard Codes

Code index

) 100 200 300 : 0 100 200 300
Code index Code index

Fig. 6 Golay code and Hadamard correlation Matrix

IV. CONCLUSION

Based on the simulation and analysis that has been
described in section 111, it can be concluded that Golay code
is the most suitable candidate for coding the CC-OFDM
waveform compared to the Hadamard codes. These
conclusions are drawn because based on the multibeam CC-
OFDM radar waveform requirements, the beam signals
must be orthogonal and have low PAPR values to avoid
nonlinear problem at the power amplifier output. And Golay
codes are proven to have fulfilled these requirements. Golay
code is orthogonal and there are combinations of codes that
could give the PAPR values around 4.8 - 4.9 dB. Hence it is
a potential candidate for coding the multibeam CC-OFDM
waveform.
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