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ABSTRACT A conventional phased array radar provides a high gain by transmitting coherent signals over
a large number of antenna elements. However, it does not provide a full time-on-target because it produces a
beam that scans the whole angular view of the radar. This paper describes an implementation of circulating
codes (CC) in azimuth scanning MIMO radar that adopts OFDM waveform. The CC MIMO technique can
produce a beam toward a certain angle by applying an appropriate delay difference between the MIMO
antennas that transmit the same waveform across the azimuth. The adoption of OFDM waveform in the CC
MIMO radar, gives the possibility to apply the phase difference for beamforming in the frequency domain of
the OFDM signals. CC-OFDM MIMO with spectrum division into sub-bands and use of orthogonal codes,
allow for simultaneous transmission of orthogonal OFDM symbols that generate orthogonal beams toward
different angles. This strategy makes it possible for the radar system to have multiple and simultaneous
beamforming to provide a full-time coverage. Furthermore, the transmission of a series of orthogonal OFDM
symbols in each beam enables the detection of long-range targets. By taking as an example the design of
long-range surveillance radar, the paper discusses further issues pertinent to the implementation of the CC
OFDM MIMO radar, including the beam squinting problem and its remedy, arrangement of the multiple
beams, the radar system structure, use of Golay codes for orthogonalization and PAPR mitigation, use of
software-defined radar that eliminates the need of amplitude and phase control in each transmitter, transmit
scheduling for multi-beam long-range target detection, and multidimensional ambiguity function analysis.
The latter indicates that the CC OFDM MIMO radar can achieve a high resolution in angle, range, and
velocity, with beam isolation of −30 dB for neighboring beams and co-channel beams.

INDEX TERMS Array signal processing, circulating-codes, Golay-codes, MIMO-radar, multi-beam,
OFDM, software-defined-radar, sub-band, space-time codes, surveillance.

I. INTRODUCTION
Most applications of modern radar systems require scanning
capability. Scanning radars that employ a mechanical rotator
allow for slow scanning with some potential angular inaccu-
racies due to mechanical errors [1]. Electronic beam scan-
ning can be achieved by phased arrays, removing the need
of a mechanical rotator, thereby eliminating the mechanical
errors and at the same time reducing the cost. Typical phased
array radar transmits coherent signals with high gain anten-
nas with a pencil beam pattern. Phased arrays acquire high
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directivity and narrow beam by employing a large number
of elements, while the scanning capability is obtained by
adjusting phase shift difference between elements by means
of phase shifters, individually attached to each element [2].
Nevertheless, phased arrays are still undermined by issues
arising from the requirement of many phase shifters when a
large array is needed to realize high gain, which makes the
production cost higher. In addition, when operating in beam-
scanning mode, the time-on-target achieved by electronically
scanning radars is limited.

Multi-beam radars, in which multiple beams are formed
simultaneously and continuously at both the transmitter and
the receiver at different angular directions, can eliminate
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the aforesaid problem of limited time-on-target. Multi-beam
radar technology is beneficial to various radar applications,
such as surveillance [3], [4], automotive radar [5], [6], radar
imaging [7], [8], joint multiuser communication and radar [9],
[10], etc. In this paper, we are interested in multi-beam
radar systems capable of covering a large angular swath with
contiguous orthogonal beams, each sufficiently narrow to
realize a desired angular resolution, capable of detecting the
direction, range and Doppler frequency of multiple targets.
Multiple simultaneous beams can be generated by employ-
ing a number of transceivers operating individually, each
attached to an antenna with a beam pointing at a specified
direction, in total covering a specified angular range. Such
a method offers a limited solution in angular resolution and
cost [11]–[13]. When phased arrays are considered, multiple
beams can be achieved for instance by involving a Butler
matrix [14]–[16], in which the number of beams remains lim-
ited. Another alternative is by forming non-overlapping sub-
arrays within the array [17], naturally limiting the achievable
beamwidth of each beam and making inefficient use of the
available aperture. A third option can be taken by arranging
the array into partially or fully overlapping subarrays coupled
with the use of orthogonal waveforms, each associated to a
generated beam, a solution belonging to the class of themulti-
input multi-output (MIMO) radars discussed below.

MIMO radars have developed into a strong contender for
multi-antenna radar systems, applying the concept of virtual
sensors with orthogonal waveform diversity [18]–[20]. Our
interest in MIMO radars in relevance to the problem at hand
arises due to their capability to produce multiple orthog-
onal beams by selecting an appropriate set of waveforms.
Several attempts that have been reported involves the use
of linear frequency modulated (LFM) waveforms [21]–[23]
and frequency diverse array (FDA) [24], [25]. In the former,
quasi-orthogonal waveforms is realized by producing LFM
waveforms with different bandwidths and frequency offsets
following certain criteria. Advantages of this scheme follow
from those of LFM radars, but the range-Doppler coupling
remains a problem. In the latter, the FDA radars apply a small
frequency increment on consecutive elements across the
transmit array, which induces range-time-dependent phase
shifts to the elements and in turn produces multiple beams.
The range-time-dependent beams cause difficulties in detect-
ing a weak target due to the limited time-on-target and, as per
the aforementioned objective of this paper, can make the
design and implementation of the multi-beam radar more
complicated.

Another contending approach to orthogonal waveforms
design was proposed by taking on orthogonal frequency
division multiplexing (OFDM) waveforms, with the initial
purpose being to have an integrated radar and communication
systems [26]–[28]. Radar which operate in power efficient
mode by using repeated symbols of OFDMMIMO radar has
been proposed in [29]. Continuous and simultaneous wide-
band transmission from multiple antennas can be done by
subcarrier interleaving technique [30], and by using a coded

OFDM MIMO waveform [31]. A set of orthogonal wave-
forms can be simply acquired by arranging the allocation of
orthogonal subcarriers into different antennas of the MIMO
radar system. In this radar, the pulse width or the OFDM
symbol duration is obtained as the inverse of the subcarrier
spacing.

Another key element of our proposed radar system is the
circulating codes (CC), which are applied by imposing a spec-
ified delay between successive antennas of a MIMO radar,
intended to produce correlated waveforms with the purpose
of acquiring better control over the beampattern. CC have
been proposed for application in MIMO radars, originally
for optimizing low sidelobes in MIMO radars employing
LFM waveforms [32], but only recently the CC has gained
attention in terms of in-depth analysis of LFM waveform
optimization [33]. Later in this paper, it can be seen that CC
find a different role as a consequence of their combination
with OFDM waveforms.

In this paper, a novel concept of CC-OFDMMIMO† radar
is proposed as a solution for the wide-scanning multi-beam
radar, which is based on the following principles. Firstly,
a train of OFDMpulses are transmitted on an array of transmit
antennas by means of the CC concept, i.e., by applying some
delay difference between successive elements. The use of
subcarrier frequencies with uniform frequency spacings in
the OFDM pulses translate the inter-element uniform delay
differences thanks to CC into multiple overlapping beams
pointing at increasing scan angles. In a previous patent [34],
simultaneous multiple beams are generated using OFDM
multiple antennas being fed at different points along a trans-
mission line providing delay or phase differences between
successive antennas, but the use of such a physical delay
source limits its capability and flexibility. On the other hand,
OFDM signals with various delays can be produced with
CC by flexibly exploiting a programmable waveform gener-
ator (WG).

In the CC-OFDM MIMO radar, a novel technique can be
used further to mitigate beam broadening for large scanning
angles. In a way, the strategy of CC-OFDMMIMO radar can
be viewed as a realization of hybrid between phased array
and MIMO techniques [35], [36]. Herein, the phased array
determines the beamwidth and the beam pattern of the whole
array, whereas the MIMO radar concept allows multiple
beams generation by means of orthogonal waveforms, which
in this case results from OFDM signals occupying different
sub bands and taking on different codes.

In realizing the beams, phase shifters are not necessary.
Instead, feeding can be done by software-defined radio (SDR)
hardware attached to each transmit antenna. In various digital

†Patents pending for various technologies involved in both transmitter and
receiver of this radar, e.g. the system architecture, combined use of array
antenna and OFDM with phase correction per sub-carrier to generate multi-
beam, combined use of multiple sub-bands and Golay codes to orthogonalize
beams and symbols, symbols and frame transmission and reception schedul-
ing, including the low/high-power modes, beam processing at the receiver by
parallel processing, range and Doppler processing involving OFDM symbols
and frames.
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beamforming applications, SDR technology is preferred for
its flexibility and low cost [37], [38]. In our case, the SDR
implements all baseband processing at the transmitter and the
receiver, including generating inter-element delay required
for the application of CC at the transmitter. Beamforming
design that meets the required maximum beamwidth in the
azimuth is achieved by determining the suitable number of
elements employed on the horizontal axis. A good beam
pattern can be obtained further by employing amplitude taper-
ing distribution across the multi-antenna system, such as the
Taylor distribution [2]. To cover a wide angular scanning
range with overlapping narrow beams, a large number of
beams are required, which in turn require a sufficiently large
number of subcarriers, or in other words, a large bandwidth.
In order to use efficiently the limited spectrum allocated to
the radar operator, sub-band reuse is applied. Each sub-band
is shared bymultiple non-adjacent beams by adopting orthog-
onal codes, Golay codes in our case, to achieve orthogonality
among beams. Both the sub-band reuse and its shared use
by multiple beams with the help of Golay codes, which also
helps to minimize the peak-to-average power ratio (PAPR) of
the OFDM waveform, are a novel strategy.

Another new strategy is also proposed herein for the detec-
tion of range and velocity of a target. Range detection with
good signal-to-noise power ratio (SNR) in a beam pointing
toward the direction of a target can be achieved by trans-
mitting a frame consisting of a number of OFDM symbols,
whose echoes that arrive in overlap at the receiver are orthog-
onal to each other. This is achieved by extending the use of
the Golay codes to orthogonalization of different symbols in
a frame in the same beam. Doppler detection can further be
accomplished by transmitting a frame of symbols repeatedly
for several times, thus allowing the receiver to detect the
changes in phase along different frames. The realization of
such multi-beam radars that adopts the CC-OFDM MIMO
concept also allows for application of further signal process-
ing, such as monopulse processing to determine the angular
direction of the target more accurately, but this is beyond the
scope of our paper. The CC-OFDM MIMO concept presents
a breakthrough in the realization of multi-beam radar in a way
that has not been tried before, combining different strategies
in a novel way to obtain a powerful wide-scanning multi-
beam radar system with simultaneous range and Doppler
detection. To describe the whole concept, it is therefore nec-
essary to divide the discussion into two parts. The first part is
on the transmitter, which is presented in this paper, whereas
the second part deals with the receiver, which is the topic of
another paper currently being prepared. In order to clearly
and fully describe the concept of CC-OFDM MIMO radar,
while at the same time providing a realistic example of its use
in a radar application, in the sequel we focus the discussion
on the design of a surveillance radar system. In the example,
parameters of the CC-OFDM MIMO radars are determined
so as to achieve a specified list of mission requirements.

We start the discussion with the motivation and princi-
ple of the CC-OFDM MIMO radar in Section II. To better

explain the concept, system and processes pertinent with the
CC-OFDM MIMO radar, an example of long-range surveil-
lance radar design is introduced in Section III. It is fol-
lowed by Sections IV-VI that discuss the multi-beam pattern,
the PAPR issue and the ambiguity functions, taking the
long-range radar case as a reference. Discussions on the
design results and the adoption of SDR concept for such
radars are given in Section VII, which is followed by con-
clusions in Section VIII.

II. CC-OFDM MIMO RADAR SYSTEM CONCEPT
A. MOTIVATION
In the following, the potentials of a new type of radar are used
for the motivation of this paper. As a start, it is assumed that
azimuth beamsteering is implemented using a horizontal lin-
ear array. The coherent signal is circulated from one antenna
element to another with a relatively small time-delay differ-
ence (1t), made possible by circulating codes (CC) [32],
[33], [39]. Hence the transmit signal from the p-th element
for a transmit antenna array with an odd number of elements,
Nt , can be written as:

xp(t) = x(t − p1t), p = −
Nt − 1

2
, . . . ,

Nt − 1
2

(1)

The time delay difference of the circulating signal corre-
sponds to a phase difference between the antenna elements
at a given frequency:

1ϕ = 2π f1t (2)

It means that the phase steering that is usually provided by
a phase shifter at each antenna element now can be realized
directly in the waveform produced by a WG and transmitted
from the antennas. Consequently, it eliminates the require-
ment of phase shifter per element and lowers the production
cost.

This brings us to the idea of a MIMO structure, where
each transmit element is fed by a transmitter with a digital
WG which individually responsible for the delay specified
for each of them. In addition, the MIMO structure allows for
parallel processing at transmit and receive, which is useful
to accelerate preparation of the transmitted waveforms and
processing of the received signals.

OFDM is a wideband multi-carrier waveform which has
the flexibility in the management of its spectrum compo-
nents. The OFDM spectrum consists of several subcarriers
with smaller bandwidth which are orthogonal to each other
and separated with a pre-defined frequency spacing of 1f .
It is assumed that the OFDM signal generation can be done
digitally at a lower frequency band, so that the waveforms
can be flexibly designed down to their individual subcarri-
ers and controlled by software to meet the demand of the
applications [40]. OFDM subcarriers can be coded for dif-
ferent purposes. In our case, coding the phase of the OFDM
subcarriers can be used for reducing the high PAPR of the
OFDM signal. If orthogonal codes are given to successive
OFDM symbols, it could also provide orthogonality between
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the OFDM symbols, which in turn can extend the maxi-
mum unambiguous range of the radar. The orthogonalities
between OFDM subcarriers and between OFDM symbols
allow OFDM radar to produce a range and Doppler profile
independent from each other [41]. This is one of the advan-
tages of using OFDM instead of LFM as radar waveform. The
above considerations motivate the development of digitally
generated beam steering without phase shifter, by providing
phase control of the signal directly fromwaveform generation
stage by using OFDM as radar waveform.

As given in (2), adopting the CC scheme produces a beam
pattern, essentially like a phased array with phase differ-
ences between elements. When multicarrier OFDM signals
are transmitted from multiple antennas with a specified time
delay difference of 1t , each 1t value produces a beam
pattern equivalent to a phased array having inter-element
phase difference that depends on the corresponding subcarrier
frequencies. Multiple beams can be formed simultaneously,
by assigning multiple subcarrier sets which are transmit-
ted using different value of 1t . This idea is the primary
contribution of this paper, which will be elaborated in the
sequel. A second contribution in this paper concerns the
improvement of time on target in a MIMO radar adopting
CC-OFDMwaveforms. While multiple beamscanning in tra-
ditional phased array radar results in limited time on target,
CC-OFDM MIMO radar could give a much longer time on
target because multiple beams in CC-OFDM radar can be
transmitted simultaneously over much longer time intervals.

There are two key problems which may arise from radar
transmitting over long continuous time intervals:

• Especially in the case of collocated radar, there will
be coupling from the transmit signal to the receiver.
This will limit the maximum power that the radar could
transmit to avoid saturation problems due to coupling.
In a continuous wave (CW) radar system, the transmitter
and receiver are always active. Hence, there must be
a good isolation between the receiver and transmitter
to prevent too high-power coupling of the transmitter
output to the receiver input. Therefore, usually CW radar
uses a low transmit power levels, which in turn will
limit the maximum range of radar detection. In our case,
quasi-continuous transmission is used through proper
scheduling of OFDM transmission and echoes reception
to prevent the coupling.

• The receiver that continuously receives signal echoes
coming frommultiple targets must be able to distinguish
which targets are very near or very far from the radar.
This is the reason in this paper that orthogonal codes are
given to successive CC-OFDM symbols. These unique
codes are given and known by the receiver, so that the
receiver could properly detect and distinguish targets
nearby and far away from the radar.

In this paper we describe the waveform design of
a CC-OFDM quasi-continuous wave for MIMO long
range radar. Quasi-CW transmission could limit the

leakage/coupling problem by time-isolation of the transmis-
sion and reception of the radar system as in a pulse radar sys-
tem, while it also has the advantage of a CW radar that has a
large time bandwidth product. However, the peak-to-average
power ratio (PAPR) of OFDM signals becomes an issue
because it still may cause too high power-coupling between
the array elements. By using a modulation scheme based on
OFDM, this will add a stringent requirement on themaximum
transmit power per array element to prevent a severe coupling
issue between nearby array elements. The high PAPR issue
can be solved by using additional phase coding on the OFDM
subcarriers. Golay coded OFDMwaveform has been claimed
to have low PAPR characteristics. Implementing the code
to CC-OFDM waveform and transmitting the signals using
large arrays makes it possible for CC-OFDM radar to operate
at low transmit power. This opens the possibility of using
solid-state transmitter for CC-OFDM transmitter modules per
array element as can be used in phased array radars.

The proposed CC-OFDM MIMO radar is a combination
of CC in MIMO radar and multi carrier OFDM radar to
take the advantages of both systems for beamforming at
transmit. By using OFDM signal generation, subcarrier allo-
cation for the multiple simultaneous beams can be done in a
flexible manner. As will be demonstrated in this paper, it is
possible to sparse the total OFDM bandwidth into multiple
carrier sets, i.e., sub-bands, responsible for beamforming to
the specified direction. Orthogonality between the OFDM
subcarriers combined with CC in multiple active antenna
systems makes it possible to produce multiple orthogonal
beams. When the beams are orthogonal to each other, it is
possible that those multiple beams are simultaneously and
continuously transmitted to achieve a wide angular coverage
at all-time. This means a longer time on target in comparison
to the conventional phased array radar, allowing for improved
accuracy in target position [22], [42], [43]. Multiple beams
of CC-OFDM radar will further allow the application of a
monopulse-tracking radar mode, which is beyond the scope
of this paper.

Other advantages of using CC-OFDM signal include the
multi-dimensional orthogonality, i.e orthogonality in time,
subcarrier frequency and space/beam. In this paper, attention
is paid to utilizing this multi-dimensional orthogonality. The
orthogonality between the CC-OFDM symbols is beneficial
in obtaining an optimum SNR for increasing the maximum
unambiguous range of the radar. Another main contribution
of this paper is the design of a radar waveform which could
extend its maximum unambiguous range by transmitting
quasi-continuously multiple orthogonal CC-OFDM symbols
in series. It means that the radar will have a longer pulse rep-
etition interval (PRI) which leads to a longer-range detection.
The additional requirement is that there must be orthogonal-
ities between the symbol series. The orthogonality is pro-
vided by using orthogonal codes for coding the CC-OFDM
symbols, which can be realized using the Golay codes pre-
viously chosen to mitigate PAPR. Moreover, the use of mul-
tiple orthogonal OFDM symbols in coherent processing can
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improve the Doppler resolution of the radar. Up to this point
Golay codes play three important roles in CC-OFDM radar.
The codes help to lower the PAPR of the OFDM signals,
provide orthogonalities between the beams and achieve the
same for the serially transmitted symbols.

B. PRINCIPLE OF CC-OFDM MIMO RADAR
Circulating code in MIMO radar using LFM signals has been
implemented for beamforming at transmit [32], [39]. The
multiple antenna elements in a linear arraywith equal element
spacing transmit coherent signals having small time-delay
difference, 1t , between successive elements. We define 1tb
as a relatively small time-delay difference between successive
elements for steering the b-th beam. When coherent signals
with delay differences 1tb are fed to the elements, they
will cause phase differences between the elements and so
the beam is steered to a certain θb direction. Herein, with
the transmit antenna index p = −Nt−1

2 , . . . , Nt−12 and Nt
denoting the number of transmit antennas, the transmitted
CC-OFDM signal from the p-th transmit antenna element for
making the b-th beam can be generally expressed as:

xb,p(t) = x(t − p1tb) (3)

By usingOFDMsignals, the phase differences for beam steer-
ing can be added directly to the OFDM subcarrier phases.
The role of phase shifters for phase control can be replaced
directly by digital WGs operating at frequencies just above a
selected low IF. The amplitude control device per T/Rmodule
can also be eliminated because it is possible to design a wave-
form to produce an array pattern with a low sidelobe-level
characteristic directly from the waveform generation stage.

This paper describes a novel design of software defined
radar (SDR) using CCOFDMwaveforms by giving the phase
difference for beam steering and the amplitude tapering coef-
ficient at digital waveform generation stage. Hence, when the
CC OFDM waveforms are transmitted simultaneously from
multiple array antennas, as illustrated in Fig. 1 (a), they will
create beams heading to a certain θb direction and exhibiting
low side lobe levels.

Assume for now that the system is a uniform linear
array (ULA) with equal spacing d as depicted in Fig. 1(b).
By taking zero reference of θ perpendicular to the array axis,
the progressive phase ψ = kd sin θ + β. In OFDM, the
wavenumber for the n-th subcarrier at RF:

k =
ω

c
=

2π fRF
c
=

2π (fn + fIF + fup)
c

(4)

where fn, fIF , fup and fRF denote the baseband frequency fn
of the n-th subcarrier, the intermediate frequency (IF) fIF , the
frequency up-conversion shift fup and the radio frequency fRF ,
respectively, while c is the speed of light.

Let us for now simply assume that the total available
bandwidth allocated to the OFDM radar system is divided
into sub-bands, each of a given bandwidth, which is a
multiple of the subcarrier frequency spacing. Then the
phase difference caused by the spacing between adjacent

antenna elements becomes:

α(θ ) = kd sin θ =
2π (fn + fIF + fup)

c
d sin θ (5)

When the constant phase difference given to the antenna
element for steering the beam to θb is specified to be βc =
−α(θb), then 1tb can be calculated from:

βc(fnc,b,1tb) = 2π fnc,b1tb = −α(θb) (6)

where 1tb denotes the time delay difference given to the
OFDM waveform on the array element for scanning to the
b-th beam and fnc,b is the center frequency of the sub-band for
beamforming at θb. βc(fnc,b,1tb) defines the phase factor β
of the array factor shown in Fig. 1 (b), which is the phase dif-
ference between two successive elements at the RF frequency
with wavelength λ. The phase factor can also be produced at
any p-th transmitter converted to RF. The Taylor amplitude
distribution can be applied in the current amplitude Ip on the
p-th transmitter to lower the sidelobe level of the beampattern,
so that we can define I ′p = Ipejp2π fnc,b1tb .
The array factor (AF) of the CC-OFDM waveform as a

function of angle θ , center frequency of the allocated sub
band for the b-th beam, fnc,b, and time delay 1tb for phase
steering of the b-th beam is given by:

AF(θ, fnc,b,1tb) =

Nt−1
2∑

p=−Nt−1
2

I ′pe
jpα(θ )

=

Nt−1
2∑

p=−Nt−1
2

Ipejp2π fnc,b1tb︸ ︷︷ ︸
the waveform

effect

ejpα(θ )︸ ︷︷ ︸
the array

radiation effect

(7)

The rightmost form consists of the sum of product of two
factors. The first represents the waveform effect, which is the
Taylor amplitude distribution of the array elements and the
phase factor β for beamforming to θb. These two parameters
are included in the generated OFDM waveform, while the
second, the array radiation effect, results from the phase
factors α, which is caused by the spacing between the array
elements.

For beamforming to an angle of θb, the phase difference
between successive elements must correspond to the time
delay, 1tb. These multicarrier signals will be circulated with
a time shift of1tb before being transmitted by the Nt antenna
elements in azimuth. When Nb beams are required to cover a
given angular range, it means that each of the Nt transmitters
will transmit Nb beam signals with their corresponding 1tb
values.

The spectrum division into sub-bands is detailed as fol-
lows. Multiple beamforming at transmit is produced by divid-
ing the total OFDMbandwidthB, consisting ofNc subcarriers
into Nsb sub bands with smaller bandwidth of Bb, consisting
ofNcb subcarriers. The bandwidth per sub-band Bb will deter-
mine the range resolution of the CC-OFDM radar as follows:

1R =
c

2Bb
(8)
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FIGURE 1. Circulating code in OFDM MIMO radar transmitters with Nt elements transmitting coherence signals, delay difference of 1t and array factor is
defined in the xy plane: (a) time domain and (b) space domain.

where 1R is the range resolution in each beam. If the fre-
quency spacing between the OFDM subcarriers are 1f , then
the maximum unambiguous range of the OFDM radar is
determined by:

Rmax_un =
c

21f
(9)

The total available bandwidth must be used efficiently for
multiple beamforming at transmit. Because the bandwidth
is limited, it is inevitable that every sub-band must be used
for transmitting multiple orthogonal beams. The receiver will
be able to distinguish the incoming signals from different
beams even when the signals use the same sub-band as long
as signals from different beams are coded using orthogonal
codes, which once again can be achieved through the use of
Golay codes.

In this paper, the sub-band allocation and the beam codes
scheduling for the Nb beams are introduced. The schedule is
arranged based on the consideration that successive beams
do not use the same sub-bands. The same sub-band can be
reused for beams which are separated far enough in space.
Hence, orthogonality between beams are provided by the
Golay codes and the different frequency sub-bands, whereas
the large array results in narrow beams and contributes to
orthogonality in space domain. To obtain a good PAPR in
a sub-band used by multiple beams, it is always attempted
to allocate a complementary pair of Golay codes to a pair of
beams in the same sub-band.

However, even by using a coded waveform for additional
beam orthogonality, assigning an OFDM spectrum consist-
ing of Ncb subcarriers to θb using a fixed value of 1tb
will cause beam squinting from the lowest subcarrier to the
highest subcarrier. This problem can be solved by defining
βc(fnc,b,1tb) as in (6) and implementing CC-OFDM over
the full bandwidth while keeping β(fn,1t) constant. To do

so, the product of fn1t must be constant, i.e., when fn is
changing then 1t must also be adapted to make β(fn,1t)
constant. The constant value of β is subsequently included
into the array factor formula, so that the array factor becomes
just a classical phased array factor. The consequence is that
there must be a phase correction given to the OFDM code,
which means the CC-OFDM waveform must be generated
per element. The additional coding for the phase correction
is given to the OFDM subcarrier, fn, transmitted on the p-th
element, for all values of p. The relation between the constant
phase factor and the phase factor of the n-th OFDM subcarrier
can be written as follow:

ejp2π fn1tb = ejpβc,b ejp(βn,b−βc,b)︸ ︷︷ ︸
this goes with the
OFDM phase codes

(10)

where the last phase factor in (10) is the phase correction for
the n-th OFDM subcarrier in the p-th transmitter given by:

Cn,p,b = ejp(βn,b−βc,b) (11)

where βc,b denotes the constant phase steering of the b-th
beam which is defined for the center frequency of the subcar-
rier sets, and βn denotes the phase steering of the b-th beam
which varies with fn to make a constant value of βc,b. the
index variable n = 0, 1, 2, . . . ,Ncb − 1, denotes the index
of the OFDM subcarrier frequency.

An example of application of the CC-OFDMMIMO radar,
including the details of the subcarriers and the sub-bands,
will be discussed in Section III, but herein we show an
example in Fig. 2 of two adjacent beam patterns according
to the array factor in (7) coming from a 101-element array
antenna with the Taylor amplitude distribution, obtained for
a 256-subcarrier OFDM waveform with 10 kHz subcarrier
spacings. The beam patterns with solid line are the broadside
beams (b = 0) which are formed by the 256 subcarriers of
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FIGURE 2. Beam pattern of CC-OFDM MIMO radar waveform in the
xy-plane using 101 elements with Taylor amplitude distribution, and
subcarrier frequency spacing of 10 kHz for the broadside beam,
b = 0(θ0 = 0◦), and non-broadside beam, b = 1(θ1 = 1.28◦) with phase
correction given to the OFDM subcarriers.

sub-band 8, occupying a 2.56MHz bandwidth out of the total
available 20.48 MHz. The beampatterns in dotted yellow,
green, and magenta are made by the 0-th, 127-th and 255-th
subcarriers, respectively, of the 8-th sub band. It can be seen
that the three beams coincide with each other, which means
that there is no beam squinting caused by the use of multi
carrier signal for beam forming. The same occurs for the next
adjacent beam, b = 1, which refer to θ1 = 1.3◦. This beam
is made using a different sub band, that is, 256 subcarriers
of sub band 1, to prevent co-channel interference between
successive beams. The dotted beampatterns in black, blue and
red are the beamsmade by 0-th, 127-th and 255-th subcarriers
of the first sub band, respectively. Again, the beams coincide
with each other, since the beam broadening problem has been
solved by applying the additional phase corrections to the
OFDM subcarriers.

C. TRANSMITTED CC-OFDM RADAR WAVEFORM
The coded baseband OFDM signal of symbol a in beam b
which is generated digitally can be defined as:

sa,b(k) =

Ncb−1∑
n=0

ga,b,nej2π(n+(za,b−1)Ncb )1f (kTs−(a−1)T0)

0 ≤ kTs − (a− 1)T0 ≤ T0 (12)

where T0 is the symbol duration, a = 1, 2, . . . ,Nsym,
beam index b = [−Nb−1

2 , . . . , 0, . . . , Nb−12 ], k = [(a −
1)n, . . . , aNc−1] and za,b denotes the index of the frequency
sub-band for the a-th symbol of beam b. Nsym symbols are
transmitted in series, with time variable t = kTs = k

fs
. The

Golay code for the n-th subcarrier for symbol a in beam b is
given by ga,b,n.
In order to generate CC-OFDM waveform, additional

phase steering β(fn,a,b,1tb) is given to the specified OFDM
sub-band frequencies of beam b for generating a required
time delay between the transmit elements for beam b.

The phase steering is defined as:

β(fn,a,b,1tb) = 2π fn,a,b1tb (13)

hence, at any transmitter p, the WG generates Nb beams
simultaneously during the Nsym symbol periods with ampli-
tude control Ip. The CC-OFDM complex signal of symbol a
in beam b at the p-th transmitter is:

xp,a,b(t) = Ip

Ncb−1∑
n=0

Cn,pga,b,nejpβ(fn,a,b,1tb)

× ej2π (n+(za,b−1)Ncb )1f (t−(a−1)T0)

for 0 ≤ t − (a− 1)T0 + p1tb ≤ T0. (14)

The complex discrete-time signal of the baseband CC-OFDM
signal in (14) is:

xp,a,b(t) = Ip

Ncb−1∑
n=0

Cn,pga,b,nejpβ(fn,a,b,1tb)

× ej2π (n+(za,b−1)Ncb )1f (kTs−(a−1)T0)

for 0 ≤ kTs − (a− 1)T0 + p1tb ≤ T0. (15)

The time delay1tb of the OFDM signal must be implemented
at the first IF frequency. It could not be implemented in
baseband because based on eq (13), regardless of the value of
β, the lowest sub carrier frequency of the baseband OFDM
signal (f0) will give undefined result for 1tb. Hence it is
necessary to generate the OFDM signals digitally at the first
IF frequency and then implement the time delay at the same
digital stage. The digitally generated signals allows for ana-
logue up-conversion the second IF and to the RF frequency
band. The first digital IF frequency must be low enough,
because the higher the frequency would give the lower value
of 1t . For instance, when an IF frequency of 10 MHz is
used, the 1t value is already in the order of nanoseconds.
Hence it will cause a strict requirement on the stability and
the precision of the oscillator clocks of the WG. Moreover,
the waveforms are generated individually by the transmit-
ters, which means all Nt WGs must be phase-locked to the
same external clock so that the transmit signals will have
the correct phase difference between the transmit elements
for beamforming to the specified direction. This is necessary
because OFDM signal is susceptible to Carrier Frequency
Offset (CFO). CFOs in OFDM MIMO radar are caused by
the Doppler frequency of moving targets and by the hardware
CFO. When there is misalignment of the OFDM subcarriers,
it will affect the accuracy of radar detection.

The same requirement yields for the up/down conversion
oscillator, as well as for the Nt oscillator clocks at each trans-
mit and receive modules. They must be also phase-locked to
the same external clock. It is necessary to avoid the CFOprob-
lem caused by a mismatch of the digital clocks in the trans-
mitter and receiver since it will cause sampling frequency
offset (SFO) and may affect the phase correction ejp(βn−βc)

in (11). The CFO and SFO should be kept very small, because
otherwise it may cause false radar detection.This leads to a
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strict requirement for the time and frequency accuracy of the
oscillator clocks at transmitters and receivers. For instance,
with an IF of 20MHz and a carrier frequency offset of 10 kHz
the error in beam direction becomes 0.1◦ and the estimated
range error equals 0.27 meter for a target at the maximum
range of 180 km.

Based on above considerations the baseband CC-OFDM
waveform in (15) should be digitally up-converted to the
first IF, hence the signal will be in the spectrum of fIF to
fIF + B. Accordingly, the CC-OFDM signal at the first IF
stage, xIFp,a,b(k), in (15) is generated digitally by the WG at
transmitter p. It means that each WG generates Nsym symbols
for the Nb beams with an amplitude control of Ip. By includ-
ing the amplitude control coefficient Ip and phase steering to
the OFDM waveform, the CC-OFDM waveform at the first
digital IF stage becomes:

xIFp,a,b(k) = Ip

Ncb−1∑
n=0

Cn,p,a,bga,b,nejpβ(fn,a,b,1tb)

× ej2π (
fIF
1f +n+(za,b−1)Ncb1f (kT

IF
s −(a−1)T0)

for 0 ≤ kT IFs − (a− 1)T0 + p1tb ≤ T0. (16)

By substituting (13) into (16), the digital IF waveform
becomes:

xIFp,a,b(k) = Ip

Ncb−1∑
n=0

Cn,p,a,bga,b,n

× ej2π (
fIF
1f +n+(za,b−1)Ncb1f (kT

IF
s −(a−1)T0+p1tb)

for 0 ≤ kT IFs − (a− 1)T0 + p1tb ≤ T0. (17)

III. AN EXAMPLE OF CC-OFDM MIMO RADAR FOR
LONG-RANGE SURVEILLANCE
A. REQUIREMENTS
To elucidate the novel concept and detailed implementation
of the CC-OFDM MIMO radar, we will take a surveillance
radar design as an example for analyses in the subsequent
sections. The CC-OFDM MIMO radar waveform designed
herein is based on the requirement of surveillance radars
used in coastal areas, where the target of interest are ships
and small aircrafts in the area within 180 km from the radar
site. OFDM signals with subcarrier spacing of 10 KHz will
give a maximum unambiguous range of 15 km. In order to
extend the maximum unambiguous range of the radar up to
180 km, 12 orthogonal OFDM symbols with symbol time of
0.1 ms are transmitted in series. The 12 OFDM signals are
transmitted in quasi-continuous way, since the transmitter is
idle during the reception period within one repetition time
interval. The CC-OFDMMIMO radar system and waveform
specifications are described in Table 1 In this case, each sub
band which consists of 256 subcarriers are used for beam-
forming; that leads to 2.56 MHz bandwidth and results in
a range resolution of 60 meters in each beam. The OFDM
signal period is 0.1 ms and the spacing between subcarriers
is 1/T (i.e., 10 kHz). A surveillance radar requires a pencil

TABLE 1. Surveillance radar system and waveform specifications.

beam with a beamwidth of less than 2◦ in the azimuth plane.
The azimuth and elevation beamwidth requirements of less
than 2◦ and 20◦, respectively, can be obtained with a planar
array of 101 elements in the azimuth and 21 elements in
elevation, which leads to a gain of 33 dB assuming isotropic
elements and no amplitude taper. The 21-element structure
can be realized as a vertical array, instead of a single ele-
ment that is a part of the horizontal linear array previously
assumed, attached to each transmitter. Fig. 3(a) shows the
azimuth beampatterns of the 101-element linear array with
uniform amplitude distribution (as shown in Fig. 3(c)) and
with −30dB Taylor amplitude tapering; the beampattern of
the ULA with a uniform amplitude tapering has a 3dB
beamwidth of 1◦, while the Taylor one has a beamwidth of
1.3◦ and all sidelobes of the array with Taylor tapering are
below −30 dB. In order to find the number of beams, it is
necessary to define the main beams direction, θc, subject to
the condition that successive beams must overlap at their
3-dB points. The procedure in finding the number of beams
required for fulfilling the mission requirement is done as
given in the following:

1) The first beam will be the broadside beam θc(0) = 0.
According to Fig. 3, the first upper 3dB point is at
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0.64 deg. Because the beam is symmetrical around the
center mainlobe, θc, the first lower 3dB point value
is −0.64◦.

2) The next mainlobe θc (1) can be found using the follow-
ing expression:

θc(1) = θ3dB,0 +
θ3dB,0

cos θ3dB,0
(18)

The second term in (18) is for finding the next θc value
which also considers the beamscanning loss as a func-
tion of 1

cos θc
.

3) The next beam, b = 2, will have a main beam which is
at:

θc(2) = θ3dB,0 + 2θ3dB,1 +
θ3dB,1

cos(θ3dB,0 + 2θ3dB,1)
(19)

The second term in (19) is actually the 3-dB beamwidth
of beam 1.

4) For any beam, b = `, the maximum of the beam is at:

θc(`) = θ3dB,0 + 2θ3dB,1 + · · · + 2θ3dB,`−1

+
θ3dB,`−1

cos(θ3dB,0 + 2θ3dB,1 + · · · + 2θ3dB,`−1)

= θ3dB,0 + 2
`−1∑
l=1

(θ3dB,l

+
θ3dB,`−1

cos(θ3dB,0 + 2
∑`−1

l=1 θ3dB,l)
) (20)

Step 4 is repeated until the last beam reaches 45◦ angle.
If elements with a generic pattern of cos(θ), instead of
isotropic elements, are considered, additional 7 dB to the gain
leads to 40 dBi at broadside. However, for the same reason,
when cos(θ ) element is used, a loss of 3 dB occurs at 45◦ scan
angle. Additional loss due to scanning known as scan loss,
when the radar is scanning to 45◦, is 1/ cos(45◦) = 1.5 dB.
This gives the antenna gain of the 101 × 21 elements array
for surveillance at maximum scan angle around 35.5 dBi.
It can be seen from Fig. 3(a), the tapering loss caused by
Taylor amplitude tapering is around 1.1 dB, hence the antenna
gain at the maximum scan angle becomes 34.4 dB. For the
surveillance radar specifications as given in Table 1, 10 kHz
receiver processing bandwidth is found per symbol time; if
12 symbols are transmitted serially and repeated 32 times
for coherent Doppler processing, the receiver bandwidth after
Doppler processing will become 10×103

(12)(32) = 26 Hz. Related
to the mission requirement, the required maximum unam-
biguous range is 180 km. With a receiver noise figure Fn =
4 (6 dB) and minimum signal to noise ratio SNRmin = 16
(12 dB) the minimum received power after post Doppler
processing is given by σ ,

Smin = kTFnSNRminBpostDoppler (21)

where k is Boltzmann’s constant, T is the absolute tempera-
ture (K). Substituting Fn = 4 and SNRmin = 16 into eq (21)

FIGURE 3. (a) Beampattern of 101 ULA with uniform and taylor amplitude
tapering, (b) uniform, (c) Taylor amplitude tapering coefficient
for 101 ULA.

gives = 6.67 × 10−18 Watt. The minimum average transmit
power for detecting a target with RCS is given by

Pav =
(4π)3R4Smin
GtGrλ2σ

(22)

Substituting in (22) R = 180 km, Smin = 6.67× 10−18 Watt,
the transmit antenna gain Gt = receive antenna gain Gr =
2754(34.4dBi), λ = 0.1 m and σ = 100 m2 the
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minimum average transmit power for a single beam trans-
mission becomes 1.83 Watts and for a 101 × 21 planar
array the minimum average power per element will be around
0.86 mW. Using the same parameters and calculating for the
minimum RCS, σ = 1 m2, the minimum average transmit
power becomes 100 times higher, which result in 86 mW per
element.

Considering simultaneously transmitting 63 beams of
CC-OFDM signals, the transmit power requirement of the
CC-OFDM MIMO surveillance radar may increase, because
the PAPR values of the transmitted signal must be taken
into consideration as well. The detailed PAPR analysis
of CC-OFDM signal will be discussed in Section IV-A.
Table 3 shows that the maximum PAPR value for transmitting
63 beams CC-OFDMover a symbol period of 0.1ms is 7.4 dB
(= 5.5). As a consequence, the average power of transmitting
63 beams simultaneously will be 5.5 times higher. Hence
the transmit power per element for a minimum RCS σ =
100 m2 and 1 m2 at a maximum range of 180 km equals to
4.7 mW and 470 mW respectively. Due to antenna element
coupling and CW transmission at short ranges the maximum
power per element is limited in order to avoid receiver satura-
tion. The maximum transmit power should not be higher than
50 mW per element. The proposed radar design can fulfill the
requirement for minimum RCS of 100 m2 at the maximum
range of 180 km. In order to have a higher sensitivity at the
maximum range, it is possible to make the radar to operate
in low power mode for short range detection and high-power
mode for the long-range radar. The low-power mode with the
minimum RCS of 100 m2 is given in this paper, while for
the long-range radar with higher sensitivity is described in a
separate paper.

B. SURVEILLANCE CC OFDM RADAR SYSTEM
CC OFDM transmitter and receiver block diagram in Fig. 4
consists of simple transmit and receive modules. The transmit
module consist of CC OFDM digital WG which generates
OFDM signal at the first digital IF frequency and imple-
mentation of the time delay for beamforming. The digital
IF signal goes through the digital-to-analog converter, then
the analogue signal goes through the transmitter chain, which
consists of the IF and RF analogue up-converters and power
amplifier (PA). The output of the PA then goes to power
divider and then the signal is distributed to 21 vertical ele-
ments. The combined transmit signal from 101 transmitters
will create 63 beams simultaneously that are transmitted in
quasi-continuously manners to prevent leakage. Meanwhile,
when the target echo is received by the antenna subsystem,
the signals received on the 21 vertical antennas are com-
bined. Then the received RF signal goes through the analog
receiver chain, which consist of LNA and the RF to IF down-
converters. Then the first IF analog signal is converted into
digital through an analog-to-digital converter, and it is pro-
cessed furthermore by radar digital signal processor (DSP) to
get information on the target profiles.

Analogue filters shown in Fig. 4 are implemented in
between the up-converter steps at transmitter as well as in
between the down converter steps at the receiver to get rid
of the signal harmonics. As explained in Section 1B, The
CC-OFDM waveform must be generated at each antenna
element because the generated signal contains the amplitude
control and phase correction per element needed for lowering
the sidelobe of the resulting beampattern and compensat-
ing the beam broadening effect, respectively. The 63 beam
signals are transmitted simultaneously from 101 azimuth
antenna elements, and the 101 digital WGs and DSPs are
phase-locked to the same external clock.

As the consequence of compensating the beam broadening
issue described previously, it can be seen from (11) that
the phase correction, Cn,p,a,b is given to the n-th subcarrier
frequency of the OFDM waveform generated for the p-th
transmitter for beamforming to θb of symbol a. The Taylor
coefficient for sidelobe suppression Ip in (7) is also digitally
generated directly from the WG. It is for these two reasons
that the CC-OFDMwaveforms must be generated simultane-
ously per row of the azimuth antenna elements. It is therefore
necessary to implement a digital WG at each transmitter with
programmability feature, since different radar applications
might require different parameters for the beams, waveforms,
symbols and frames of symbols. Consequently, the adoption
of the concept of software-defined radar (SDR) platform
is advantageous and instrumental in the CC-OFDM MIMO
radar, promotes the flexibility of the radar and opens up
various possibilities of design applications.

Using the long-range surveillance radar introduced in
Section III as reference, Fig. 5 shows the detailed proce-
dure of CC-OFDM digital WG and coding block in Fig. 4.
The Golay code generator programmed in the SDR gener-
ates 256 Golay codes, consisting of 128 complementary pair
codes. A unique Golay code with a code length of 256 bits
is used because in this paper, 256 successive subcarriers are
grouped into one sub-band and transmitted through one beam.
The codes are used for coding the 63 beams using 8 available
sub-bands. A certain combination of the Golay codes for the
beam and for the symbol must be chosen in order to provide
orthogonality between beams and between symbols while at
the same time keeping PAPR low. The codes are assigned to
the subcarriers according to the transmission schedule, while
ensuring that there are no successive beams that use the same
sub-band and all the beams are coded using unique codes.

For better understanding on how the signal transmitted
through a beam is generated, Fig. 5 shows an example when
one beam signal (i.e., beam −31) is generated using sub-
band 1 and coded with Golay code, g1,−31, while subcarriers
in the other sub-bands are set to zero. The Golay code is
applied in the frequency domain of the OFDM signal and
then the signal is phase shifted by pβ(fn,a,b,1tb), with p =
−50,−49, . . . , 0, . . . , 49, 50, since the zero phase-reference
is at the centre of the array. The phase steering is also given
in the frequency domain of the OFDM signal generated for
the p-th transmitter. The phase steering is infused in the
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FIGURE 4. Block diagram of a T-R module of CC-OFDM MIMO radar system.

FIGURE 5. CC-OFDM digital WG and coding for symbol 1 in beam b = −31 on the p-th transmitter, which also involves digital up-conversion from
baseband to the first IF. Each sub-band consists of 256 subcarriers.
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OFDM signal by multiplying the coded OFDM signal with
ejpβ(fn,a,b,1tb). The coded CC-OFDM signal can be obtained
by taking the IFFT of the whole 8 sub-band (consisting of
2048 sub carrier frequencies). Subsequently, the signal is
digitally up converted to the first IF frequency, xIFp,a,b. After
digital up-conversion, the IF signal output of the WG, xIFp,a,b,
will be converted to analog signals through a DAC device of
the p-th transmitter. Using the same procedure, the 63 beam
signals are generated simultaneously by the digital WG at
each transmit element.

For a good operational performance of CC OFDMMIMO
radar an important and crucial note should be made now, that
is: Transmitting multiple symbols in series and in parallel
contributing simultaneously to multiple beams effective in
various range intervals, the quasi - CW transmission neces-
sitates that the CC OFDM symbols should be orthogonal in
time, frequency and code. In the following the orthogonality
aspects are detailed.

• Single CC OFDM symbol
In this example, one symbol of CC-OFDM waveform
contributes to 63 beam signals. The 63 beam signals
are carried by a limited number of sub-bands. Hence
it is crucial to have a unique Golay code for each of
the 63 beams. In the surveillance radar design, there are
only 8 sub-bands available and, hence, each sub-band is
transmitting 7 to 8 beams at the same time.

• Multiple CC OFDM symbols
The orthogonality between symbols is provided by dif-
ferent Golay codes for the 12 symbols transmitted in
beam b. Since the number of Golay codes are limited
(there are in total 256 available Golay codes that can
be used for 256-subcarrier OFDM symbols), code reuse
becomes inevitable. According to the mission require-
ment specified in Table 1, as many as 12× 63 codes are
required for providing orthogonality between symbols
and between beams, while there are only 256 codes
available. Therefore, the codes need to be reused at
least 3 times. In order to maintain the orthogonality,
the 12 symbols transmitted in each beam must be trans-
mitted using 3 different sub-bands. Consequently, code
scheduling for the beams and for the symbols must
ensure that there should be no code reuse for different
beams in the same CC-OFDM symbol, and there is no
code reuse for different symbols of the same beams.
Table 2 shows the transmit scheduling of xa,b, which
is the transmit CC-OFDM symbol a of beam b. For a
certain beam b, there are 12 symbols (a = 1, 2, . . . , 12)
which are coded using certain unique Golay codes and
occupying 3 (out of 8) different sub bands. The 8 col-
ors illustrate the sub band allocation of the beam. The
number in the colored rectangles show the index of
the Golay code use by the beam. It can be seen from
Table 2, that the pattern of the sub band allocation is
repeated every 8 consecutive beams. The sub band com-
bination for beam −31 to beam −24 can be reused in

beam −23 to beam −16, and the reused again in beam
−15 to −8 and so on. It means that there will be a
co-channel beam with 8 beams in between. For these
co-channel beams, the orthogonalities will rely on the
orthogonality of the Golay codes and the fact that the
two nearest co-channel beamswill have an angular space
of ±10 degrees in between. The sub band combination
can be repeated every 8 beams, however, Golay code
repetition is only permitted for a different beam in a
different symbol which are using a different sub band.
It can be seen in Table 2, for the transmit scheduling of
beams −31 to −24, each beam has a different sub-band
combinations and a different Golay codes for a specific
beam of the same symbol. However, there are some
codes repetitions on the scheme, for example the code
repetition of the first Golay code in the transmit schedule
of beam −31, −29 and beam −26, in symbol 1, 5 and
9 respectively. The three beams are using the sameGolay
code in different symbol. This is allowed because the
three beams are transmitted using a different sub band
combinations. Hence the orthogonalities between the
transmitted beams still can be maintained.

The IF coded CC-OFDM symbol, xIFa,b(t), is frequency shifted
by analogue up-conversion from 20 MHz to the second IF
frequency of 200 Mhz, with fIF2 = 180 MHz:

xIF2p,a,b(t) = xIFp,a,b(t) e
j2π fIF2t ∗ hIF2(t) (23)

Furthermore, up-conversion of the second IF signal in (23) to
the RF frequency band of 3 GHz is realized via

xRFp,a,b(t) = xIF2p,a,b(t) e
j2π fRF t ∗ hRF (t) (24)

where fRF = 3GHz − fIF2 − fIF , while hIF2(t) and hRF (t)
denote the impulse responses of the filters used to suppress
the unwanted frequencies (product terms) at the second IF and
RF frequencies, respectively, with ∗ denoting the convolution
operator. As an example, for the ideal filter at the second IF
the frequency response can be in the form of:

|HIF2(f )| =

{
1, 200 ≤ f ≤ 220.48MHz
0, elsewhere

(25)

And the frequency response of the ideal BPF at RF frequency
will be:

|HRF (f )| =

{
1, 3000 ≤ f ≤ 3020.48MHz
0, elsewhere

(26)

After up-conversion, the signal is transmitted through the
transmit element p. Because we have applied the additional
phase steering, the analog signal aggregate which is the
combining of the transmit signal from 101 element will steer
the beam to a specified beam b.

The 101 transmitters transmit their respective signals
coherently, each signal having been infused with the addi-
tional phase steering, β(fn,a,b,1tb), and amplitude tapering
coefficient in the waveform. As a result, when these signals
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TABLE 2. Transmit scheduling of multi-beam CC-OFDM MIMO radar with taylor amplitude tapering = −30 dB which includes the sub band and golay
codes allocation per beams for 12 Symbols of beam −31 to beam 31.

are radiated by the corresponding 101 antennas, multiple
beams are formed, with every beam b is being steered to a
certain angle θb.

IV. MULTI BEAM ARRAY PATTERN AT TRANSMIT
This section describes the design procedure for making mul-
tiple beams of the CC-OFDM radar waveform using multiple
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sub band frequencies. Successive beam patterns are made to
have a crossover at their respective 3 dB points to provide
radar with the possibility of applying a mono-pulse tracking
radar mode. The design steps of the multiple beams can be
described as follows:

i. Define the required number of beams Nb by invoking the
procedure given in Section III-A.

ii. Determine the time delay 1tb which corresponds to the
phase steering of the b-th beam to get the wanted angular
scanned resolution. First the time delay for phase steer-
ing, 1tb, is defined for the broadside beam (θ0 = 0◦)
and is equal to zero (1t0 = 0). The special case for the
broadside beam means that the beam is independent to
the subcarrier frequency, because 1t0 = 0 whichever
sub band frequency is assigned for it.

iii. Determine the bandwidth and subcarrier frequencies set
which are allocated for the broadside beam, b = 0. It is
arranged so that for successive beams the same band
allocation will not be used.

iv. Get the beam pattern AFb(θ, fn,1t0) of the broadside
beam

v. Calculate the 1tb for the next beam b, by using a dif-
ferent sub band frequency than the sub band used by the
previous beam, b − 1. In this paper, the time delay 1tb
will be calculated by using the center frequency of the
allocated sub band which already was described in the
transmitter schedule in Section 2.

vi. Get the beam pattern AFb(θ, fn,b,1tb) of beam b.
vii. Repeat step v and vi for the next beam b← b + 1 until

the required number of beams is fulfilled.

V. PEAK TO AVERAGE POWER RATIO
A potential negative issue of high PAPR value is caused
by using simultaneously OFDM waveforms. In this paper,
Golay code for phase coding the OFDM subcarrier is used
for lowering the PAPR of the OFDM signal. Lowering the
PAPR value can be obtained by arranging the code allocation
and properly choose Golay complementary pairs for coding
the beams which are using the same sub band. In this paper,
the PAPR analysis of multiple beam CC OFDM waveforms
which are transmitted using 8 sub bands will be discussed.

Recall the formulation of the b-th beam transmitted from
the center array in (16) which define the a-th CC OFDM
symbol, transmitted by the p-th transmit antenna as xp,a,b(k).
The PAPR of the transmitted symbol a of beam b from the
p-th transmitter can be calculated as follows:

PAPRp,a,b(dB) = 10 log

max
[
xp,a,b(k) x∗p,a,b(k)

]
E

[
xp,a,b(k) x∗p,a,b(k)

]
 (27)

The simulation result shows that the PAPR per beam of
symbol a at the p -th transmit element is around 3 dB. While
the PAPR of the total transmitted beams can be obtained by

FIGURE 6. The instantaneous power of 63 beams CC-OFDM signals
transmitted from transmitter p = 0: (a) over 12 successive symbols period
and (b) over one symbol period.

summing up the 63 beam signals power as follows:

PAPRp,a(dB) = 10 log

max
[∑

b xp,a,b(k) x
∗
p,a,b(k)

]
E

[∑
b xp,a,b(k) x

∗
p,a,b(k)

]
 ,

0 ≤ kTs − (a− 1)T0 + p1tb ≤ T0 (28)

Assuming that there are no CFO and SFO in the transmit-
ter chain, the PAPR will depend on the amplitude tapering
coefficient and the Golay codes as given by:

PAPRp,a(dB)

= 10 log

max
[
IpI∗p

∑
b
∑Nc−1

n=0 ga,b,ng∗a,b,n
]

E
[
IpI∗p

∑
b
∑Nc−1

n=0 ga,b,ng∗a,b,n
]

 (29)

Because the amplitude tapering coefficients are real values
then the PAPR of symbol a in the p–th transmitter equals:

PAPRp,a(dB) = 10 log

max
[∑

b
∑Ncb−1

n=0 |ga,b,n|
2
]

E
[∑

b
∑Ncb−1

n=0 |ga,b,n|
2
]


(30)
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TABLE 3. PAPR of multiple beam CC-OFDM MIMO Radar for transmit
element p = 0.

The time domain signal transmitted from transmitter
p = 0 contributing to 63 beams which are transmitted simul-
taneously using 8 sub bands is shown in Fig. 6. In Figure 6(b)
with detailed observation from t = 0 to 0.1 ms (the signal
period of symbol 1), the power computation of the transmitted
symbol 1 give the maximum value of 15.4 × 10−4 and the
average value of 3.84 × 10−4. This gives the PAPR value
around 4 which is equivalent to 6 dB. The PAPR results of
the complete 12 CC OFDM symbols are shown in Table 3.

VI. AMBIGUITY FUNCTIONS
The ambiguity function of a conventional pulse radar is com-
monly defined as two-dimensional function of the propaga-
tion delay, τ , and the Doppler frequency, fD:

χ (τ, fD) =
∫
∞

−∞

x(t)x∗(t − τ )ej2π fDtdt (31)

However, the ambiguity function of CC-OFDM radar
is a multi-dimensional function. Additionally, besides the
two-dimensional function previously mentioned, the ambi-
guity function is also as a function of θ, θ0,1tb, which are,
respectively, the angular function, the target direction, and
the time delay difference between the signals transmitted
from successive elements for making beam b. Recalling the
transmit signal from (14), and substituting into (31), the
multidimensional ambiguity function of CC-OFDM MIMO
radar can be written as:

χa,a′ (τ, fD, θ, θ0,1tb) = χa,a′ (τ, fD, θ, θ0,1tb)

=

Ncb−1∑
n=0

(Nt−1)
2∑

p=− (Nt−1)
2

Ncb−1∑
m=0

(Nr−1)
2∑

q=− (Nr−1)
2

IpIq

× ga,b,ng∗a′,b′,mC
′
n,p,a,bC

′∗

m,q,a′b′

×ejp[α(θ0)+βc,b)]e−jq[α(θ )+βc,b′ ]

× e−j2πk(fa,n,b−fa′,m,b′ )T0ej2π fa′,m,b′ τ

× ejπ (fa,n,b−fa′,m,b′+fD)T0(2a′−1)

×T0 sinc (π (fa,n,b − fa′,m,b′ + fD)T0) (32)

where p, q again denote the indexes of the transmit and
receive elements respectively, Ip, Iq denote the amplitude
tapering coefficients using Taylor distribution given to the
p-th and q-th of the transmit and receive element, respec-
tively, Nt ,Nr are the number of transmit and receive ele-
ments respectively, C ′n,p,a,b denotes the corrected phase of
the transmitted CC-OFDM symbols, given to the n-th carrier
frequency fa,n,b of the b-th beam, and C ′∗m,q,a′,b′ denotes the
complex conjugate of the correction phase of the received
CC-OFDM symbols, given to the m-th carrier frequency of
b′-th beam, which use subcarrier fa′,m,b′ . For the surveillance

radar example, we have Ip = Iq and Nt = Nr = 101 and the
ambiguity function is analyzed for a′ = a,and b′ = b and due
to orthogonality, it is analyzed when n = m and p = q.
In the following, various ambiguity functions, each a func-

tion of beam, of delay and of Doppler frequency, are pre-
sented with transmitter time, sub band and codes scheduling
for symbol-1 as visually described in Table 2. Based on
the ambiguity function formulation in (32), the analyses are
described as follows:
i. χa′=a=1,b′=b(τ = 0, fD = 0, θ0, θ,1tb) is the radar

ambiguity function analyzed by taking a variable value of
θ0 as a function of angular variable, θ . Fig. 7(a) shows the
ambiguity function of CC-OFDMMIMO radar with the
assumption that the target echo comes from the angular
direction of θ0 which coincide with the maximum of the
beampattern in beam b. It can be seen that the beams are
orthogonal. If it is seen in the 3D plot version in Fig.7(b),
it can be seen that the magnitude of the ambiguity func-
tion at the edge beam where θ0 = −43.1◦ is around half
than the broadside beam. This is caused by the scan loss
and because of the use of elements of cos(θ )-type pattern
in the array.

ii. χθ0,a′=a=1,b′=b(τ, fD = 0, θ,1tb) is the radar ambiguity
function as a function of time delay variable, τ , and angu-
lar variable, θ . It is assumed that there is a non-moving
target at a specific direction of θ0. Observation is made
for two different cases, the first one is when the target is
at broadside (θ0 = 0◦) and the second case is when the
target is at the maximum scan angle (θ0 = 43.1◦).
Fig. 8 and Fig. 9 show that the magnitudes of the ambi-
guity function are maximum at θ = 0◦ and θ = 43.1◦

respectively. Furthermore, when detail observation is
done at θ = θ0 axis, Fig. 8(c) and Fig. 9(c) show
that with a bandwidth of 2.56 MHz, range resolution of
52 meter can be obtained either for a target at broadside
or at the maximum scan angle. While in Fig. 8(b) and
Fig. 9(b), respectively indicate that the angular resolu-
tion of 1.3◦ and 1.7◦ at the broadside and at the edge
beam can be achieved. These results show that by using
the proposed transmitter design, the surveillance radar
requirement which has been mentioned in Table 1 can be
fulfilled.

iii. χa′=a=1,b′=b(τ, fD, θ = θ0,1tb) this ambiguity function
as a function of time-delay variable τ , analyzed for a
moving target which cause a Doppler frequency shift of
fD at the received beam b′. It is assumed that the target is
located at a specified angular θ = θ0. Fig 10(a) shows
the target angular location at broadside, θ0 = 0◦ and
while Fig. 10(b) shows the target at the maximum scan
angle θ0 = 43.1◦, when a moving target is causing a
Doppler frequency −1kHz < fD < 1 kHz. It can be seen
in Fig.10(c) that the magnitude of the ambiguity function
is slightly decreasing due to the Doppler frequency. Even
though the Doppler effect looks minor in here, it is
important to specify a limit of the maximum Doppler
frequency which will limit the maximum velocity that
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FIGURE 7. Ambiguity function of CC-OFDM MIMO radar as a function of θ
and θ0, when τ = 0 and fD = 0 in (a) 3D view from the top and (b) 3D
view from the side.

the radar can detect. It should be limited to 10% of the
spacing between the OFDM subcarrier, fD,max < 0.11f .

VII. THE COUPLING BETWEEN CC-OFDM MULTI-BEAMS
A. THE COUPLING BETWEEN NEIGHBORING BEAMS
This section analyzes the coupling between beams which
are transmitted simultaneously over the same period of sym-
bol duration. Analysis is done to the beams transmitted on
the first symbol period, with the scheduling as described
in Table 2. It is necessary to make sure that the coupling
between the multi-beam CC-OFDM which are transmitted
simultaneously using limited bandwidth are low to avoid the
probability of false alarm on radar receiver. In this paper,
coupling analysis are done for near broadside and near edge
beams (i.e., beams that spatially close to each other) and
for co-channel beams (i.e., beams which are using the same
subband frequency).

Fig. 11(a) shows that the coupling between the broadside
beam with the nearest beams (i.e. b = −1, 1) is −30 dB.
Similar to the edge beam case on Fig. 11(b), the coupling
between the edge beam, b = −31 and beam b = −30 is
also −30 dB. This result is caused by the Taylor amplitude

FIGURE 8. Ambiguity function diagram for a target at broadside, θ0 = 0◦,
(a) as a function of time delay τ and angular θ , (b) angular resolution at
broadside, axis, and (c) radar range resolution seen from θ = θ0.

tapering given to the array elements for SLL suppression
to −30 dB. A lower coupling can be obtained by giving
a different amplitude tapering coefficient, however it must
be taken into consideration that minimizing the SLL gives
consequence than the gain is decreased, and the beamwidth
gets wider.
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FIGURE 9. Ambiguity function diagram for a target at maximum scan
angle θ0 = 43.1◦, (a) as a function of time delay τ and angular θ ,
(b) Radar angular resolution, and, (c) radar range resolution at maximum
scan angle θ0 = 43.1◦.

Based on the subband frequency scheduling in Table 2,
these neighboring beams are transmitted using a different
sub-band frequency. Hence the beams which are spatially
close to each other could get additional orthogonality to have
a low-coupling characteristics between neighboring beams.
Another additional orthogonality comes from the use of
unique Golay codes for the beams which are transmitted

FIGURE 10. Ambiguity function as a function of Doppler frequency and
time delay variable τ when the target is at: (a) broadside, (b) the edge,
and (c) the detailed observation on the doppler effect at θ = θ0 and τ = 0.

simultaneously at the same symbol duration. All of these
arrangements are made to provide a high isolation between
neighboring beams.

B. THE COUPLING BETWEEN CO-CHANNEL BEAMS
Ambiguity function of the co-channel beams in sub band
1 and sub band 8 are consecutively shown on the in
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FIGURE 11. The ambiguity function of CC-OFDM MIMO radar, when
τ = 0 and fD = 0 at: (a) neighboring beams of the broadside beam, and
(b) the edge beam.

Fig. 12(a) and Fig. 12(b). It can be seen that the SLL of the
co-channel beams in near broadside or near edge are around
−30 dB. These co-channel beams lack orthogonality because
of the subband frequency reuse. However, these co-channel
beams are also provided with unique Golay codes for orthog-
onality. Besides that, the nearest co-channel beams are spa-
tially separated at least 10◦, which result in a low-coupling
characteristics between the transmitted co-channel beams.

C. THE COUPLING BETWEEN BEAMS WHICH ARE USING
THE SAME GOLAY CODES
Fig. 13 shows the ambiguity function of symbol 1, 5 and
9 of beam 5, 8 and 2 respectively. Recalling the transmit
scheduling in Table 2, these three beams will be transmit-
ted using the same Golay codes. Even though the beams
are using the same code, the beam isolation is still as low
as −30 dB because the three beams are transmitted using
a different subband frequency. Therefore, all the coupling
between beams or symbol which are using the same codes are
very low.

FIGURE 12. The ambiguity function of CC-OFDM MIMO radar for:
(a) co-channel beams of the broadside beam, and (b) the edge beam
when τ = 0 and fD = 0.

FIGURE 13. The ambiguity function of CC-OFDM MIMO radar for beams
which are using the same Golay code.

D. THE COUPLING BETWEEN 63 BEAMS
The ambiguity function of the 63 beams of CC-OFDM
MIMO radar using 101 ULA with Taylor amplitude tapering
for sidelobe level suppression to−30 dB is shown in Fig. 14.
The ambiguity function analysis is done over the transmission
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FIGURE 14. Multi beampattern of CC-OFDM MIMO radar using 101 ULA
with Taylor amplitude tapering for SLL suppression of −30 dB when
τ = 0 and fD = 0.

period of the first symbol (0-0.1 ms), when τ = 0 and fD = 0.
It can be seen that the coupling between the 63 transmitted
beams of symbol 1, starting from beam b = −31 up to b =
31 is around −30 dB.

VIII. DISCUSSIONS
An example of the transmitter design for a long-range
surveillance radar has been described to clarify the con-
cept and demonstrate the potential issues and advantages of
the CC-OFDM MIMO radar. The radar is designed using
20.48 MHz bandwidth, which are divided into 8 sub bands
with a bandwidth of 2.56 MHz each. Therefore, the expected
range resolution of each beam is around 60 meters. From the
ambiguity function result, the range resolution requirement
of less than 60 meter could be obtained both for broadside
and maximum scan angle beams. Range resolution always
mainly depends on the bandwidth, hence, there will always
be a trade-off between the range resolution requirements and
the available bandwidth.

Based on the system requirement that 63 beams are needed
for radar coverage from −45◦ to 45◦, these 8 sub bands
must be reused by 8 beams in average. As a consequence of
reusing each sub band for 8 beams, the beam isolation might
worsen for the co-channel beams, which can result in false
alarm in the nearest co-channel beam. High beam isolation
can be obtained by using different sub band for each beam,
however because the bandwidth is limited, sub band reuse
becomes inevitable. For the multi-beam case, by arranging
the sub band and codes allocation of the beams, the ambiguity
function analysis shows that the beam isolation between the
transmitted neighboring beam and the transmitted co-channel
beams is around −30 dB. The symbols serial arrangement in
each beam allows the radar to detect targets up to 180 km in
that beam direction.

From the description and discussion about the concept
of CC-OFDM and its T-R module in Sections II-III, it can
be seen that combining CC and OFDM waveform makes
it possible to adopt a software defined radar (SDR). The
idea of SDR is to have a radar that most part of the signal
processing can be done by software, hence it can be a multi-
purpose radar. It is hence possible to use the same hardware

components for different radar applications. From Fig. 4, the
WG and the digital signal processor at each transmitter are
designed and controlled by software. Based on the mission
requirement, the CC-OFDM waveform can be modified in a
more convenient way. Adjustments on the design can be done
according to the purpose of the radar by changing some of the
design parameters in software and keep the same hardware
components. Of course, not everything can be replaced with
software, some radar parameters will still depend on the
hardware. For instance, the carrier frequency will depend on
the RF analog chain, while the radar beamwidth will mainly
depend on the arrays. But the characteristic of the output
beampattern, such as its sidelobe level, and the design of the
multiple simultaneously beam, including the beam isolation,
the range resolution, the Doppler resolution, those parameters
can be modified and optimized based on the characteristic of
the target of interest. Some of the radar specifications that can
be achieved by modifying some of the CC-OFDM waveform
parameters are as follows:
• The maximum unambiguous range for conventional
OFDM radar is mainly limited by the spacing between
the OFDM subcarriers. However, one could extend the
maximum unambiguous range of the radar by send-
ing multiple successive orthogonal CC-OFDM symbols
containing orthogonal Golay codes. Howmany symbols
that must be sent will depend on how far the maximum
unambiguous range is that the application requires.

• Themaximum velocity depends on the frequency spac-
ing between the OFDM sub carriers, because there is a
limitation on the maximum Doppler frequency, that it
should not be more than 10% of the sub carrier spacing.

• The angular coverage requirement will define the
array requirements and the multiple beams design. With
regards to the beamwidth, there is not much that can
be done, since it depends on the array. However, the
angular coverage is related to the number of beams
that must be generated simultaneously, which can be
defined from the CC-OFDMwaveforms. Allocation and
arrangements of the available bandwidth for creating
those beams must be considered on the design, which
can be done in convenient way in the frequency domain
stage of the OFDM waveform.

• Range resolution of the radar in every beam direction
will depend on the bandwidth allocated for those beams.
With OFDM, it can be done easily by software by divid-
ing the total available bandwidth into several sub-bands
with each sub band have a minimum bandwidth for the
required range resolution.

• Doppler resolution can be fulfilled by sending a train
of orthogonal symbols, i.e. a frame, repeatedly to allow
evaluation of the phase change between the same sym-
bols in successive frames.

• Beam isolation is a very crucial requirement that
needs special attention in CC-OFDM, especially when
the available bandwidth is limited, so that there are
beams which are transmitted simultaneously using the
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same frequency. This will cause couplings between
the co-channel beams. Hence, in the scheduling of the
sub band frequency reuse, the beam spacing between
co-channel beams must be long enough to minimize the
coupling effects.

IX. CONCLUSION
A transmitter design for CC-OFDM MIMO radar has been
introduced. The radar concept has been shown to offer various
advantages, including the multiple beams covering a wide
view, the long-range target detection capability and the use of
low-power amplifiers. All of these advantages are the result
of the combination of several technologies, primarily the use
of the MIMO concept with OFDM waveforms generated in
different subbands and coded by CC across the array azimuth,
coupled with the use of Golay codes to reduce PAPR and
to improve orthogonality between symbols. Orthogonalities
among symbols and beams result from the combined effects
of Golay codes, subbands and amplitude tapering of the
elements across the azimuth, which in turn allow long-range
target detection and better angular accuracy. The azimuth
angular resolution depends on the number of azimuthal ele-
ments and improved by the arrangement of adjacent beams
based on intersection of the 3-dB directivity curves. The
resolution and maximum unambiguity in range depends on
the subband width and subcarrier spacing, whereas those
in Doppler depends on the number of frames used in the
processing and the interval between frames. SNR for target
range detection can be optimized by varying the number of
orthogonal symbols per frame.

Since most processes mainly depend on the arrangement of
the transmitted waveforms and the processing of the received
echoes, adoption of the SDR that provides general-purpose
digital signal processing algorithms that can be controlled by
software becomes feasible and attractive. The hardware plat-
form consisting of multiple transmit-receive boards including
antenna elements that comprise the azimuth linear array and
the corresponding RF apparatuses. The adoption of digital
waveforms generators and digital signal processors, which
are essentially materialized in SDR, makes it possible for the
radar to change its configuration and parameters for different
mission requirements. Finally, an example of the transmitter
design for long-range surveillance radar has been described
to clarify the concept and demonstrate the potential advan-
tages of the CC-OFDM MIMO radar. By using the proposed
design, a range resolution of 52 meter and an azimuth resolu-
tion of 1.7◦ can be achieved. For the multi-beam scheme, the
beam isolation of −30 dB can be achieved for both between
the co-channel beams and between the neighboring beams.

The receiver design of CC-OFDM radar, including the
beam, range and Doppler processing of the received signal
will be discussed in a separate paper.
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