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ABSTRACT

A time-hopping multicarrier code-division multiple-access
(TH/MC-CDMA) scheme is proposed and investigated. In the
proposed TH/MC-CDMA each information symbol is trans-
mitted by a number of time-domain pulses with each time-
domain pulse modulating a subcarrier. The transmitted infor-
mation at the receiver is extracted from one of the, say M,
possible time-slot positions, i.c., assuming that M-ary pulse
position modulation is employed. Specifically, in this contri-
bution we concentrate on the scenarios such as system design,
power spectral density (PSD) and signal detection. The error
performance of the TH/MC-CDMA system is evaluated, when
the channel that each subcarrier signal experiences is modeled
as flat Nakagami-m fading in addition to the additive white
Gaussian noise (AWGN). According to our analysis and re-
sults, it can be shown that the TH/MC-CDMA signal is capa-
ble of providing a near ideal PSD, which is flat over the system
bandwidth available, while decreases rapidly beyond that band-
width. Explicitly, signals having this type of PSD is beneficial
to both broadband and ultra-wide bandwidth (UWB) commu-
nications. Furthermore, our results show that, when optimum
user address codes are employed, the single-user detector con-
sidered is near-far resistant, provided that the number of users
supported by the system is lower than the number of subcarriers
used for conveying a information symbol.

I. INTRODUCTION

In time-hoping (TH) UWB communications data is transmitted
using extremely short time-domain pulses with duration less
than 1 ns. Multiple users in UWB systems are usually sup-
ported with the aid of the TH techniques. Since UWB systems
usually have a bandwidth on the order of gigahertz, a typical
characteristic of UWB channels is frequency-selective fading,
which may result in a huge number of resolvable multipath
components at the receiver [2]. Consequently, the receiver’s
complexity of the TH UWB systems might be extremely high,
when using RAKE-like receivers. This is because the RAKE
receiver requires a very high number of fingers and cach finger
requires corresponding channel estimation, in order to achieve
a high multipath combining efficiency.

In this contribution, a TH multicarrier CDMA (TH/MC-
CDMA) scheme is proposed, where data is transmitted us-
ing relatively high-duration time-domain pulses with the aid
of M -ary pulse position modulation (MPPM), where informa-
tion is extracted from one of the A possible time-slot posi-
tions. In TH/MC-CDMA cach symbol is transmitted using a
number of time-domain pulses with each time-domain pulse
modulating a subcarrier. Since ¢ach subcarrier only occupies
a fraction of the system bandwidth, the time-domain pulses
hence have a relatively high duration. Consequently, even the
total system bandwidth is extremely high, the subcarrier sig-
nals may be designed so that they are not too dispersive and
only a low number of independent multipath components ap-
pear at the receiver. In TH/MC-CDMA system diversity gain
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may be achieved by combining the independently faded mul-
tipath components or/and by transmitting the same informa-
tion symbol using several subcarriers, which are combined at
the receiver. In TH/MC-CDMA the transmitter does not con-
flict the problem of nonlinear fluctuation resulted from the high
peak-to-average factor, since in the TH/MC-CDMA transmit-
ter only one of the subcarrier signals is activated at any time-
instant. However, fast-Fourier transform (FFT) assisted multi-
carrier demodulation technique can still be invoked for demod-
ulating multiuser TH/MC-CDMA signals. In fact, in TH/MC-
CDMA single-user or multiuser detection can be carried out
after a single FFT-assisted multicarrier demodulation device.
In this contribution we consider the design and performance
issues of the TH/MC-CDMA. Specifically, a synchronous
TH/MC-CDMA communication scheme is considered and the
parameter design in the TH/MC-CDMA system is investigated.
It can be shown that, by appropriately selecting the system
parameters, the TH/MC-CDMA signal can appear a Gaus-
sian noise-like flat PSD over the system bandwidth available.
Furthermore, the PSD’s outband sidelobes of TH/MC-CDMA
signals decrease much more rapidly, in comparison to a cor-
responding single-carrier TH-CDMA signals, which has the
same system bandwidth as the TH/MC-CDMA signals. In this
contribution the error performance of a single-user detector is
investigated, when the subcarrier channels are modeled as flat
Nakagami-m fading in the presence of AWGN. The single-user
detector is designed based on the frequency-time matrix princi-
ples, which forms the extension of the time-frequency matrix-
assisted detection in fast frequency-hopping (FFH) systems [6].

II. TIME-HOPPING MULTICARRIER CDMA SCHEME

A.  Time-Hopping Multicarrier CDMA Signal

The transmitter schematic of the kth user is shown in Fig.1 for
the TH/MC-CDMA system. At the transmitter side, the input
binary data having a period T} and arate Ry is serial-to-parallel
(S/P) converted to U parallel streams. During a frame interval
of Ty seconds, cach stream transmits b = log, M number of
bits referred to as a symbol. Hence, cach frame transmits U/
symbols in parallel and both the symbol duration and the frame
duration are T, = Ty = UbT, seconds. Let the total number of
subcarriers invoked in the TH/MC-CDMA system is U L and,
hence, each stream is transmitted on L number of subcarriers.
Let the TH address code of user &, 1 < k < K, be expressed
as a = [a(()k)7 a(lk)7 ce a(L]i)l], where al(k) e GF(M), | =
0,1,...,L —1,and GF(M) denotes a Galois ficld obey M =
2°. Furthermore, let =, € GF (M) be a b-bit symbol of one
of the U streams, say «, which will be transmitted by the L
number of subcarriers corresponding to the w«th stream. Then,
xy, 1s signatured by the kth user’s TH address code, which can
be expressed as

Y = [yx(0), yx (1), ... (D

where 1 represents a unit vector of length L, y; (1), 0 < [ <
L — 1 are elements of GF (M), and @ denotes the addition

(L = 1) =z, - 1@ ay,
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Figure 1: The kth user’s transmitter schematic for the time-hopping
multicarrier CDMA.

operation in GF'(M). As shown in Fig.1, for each subcarrier
branch, there are M = 2° time-slots within a frame duration
of Ty seconds. After the signature operation of (1), one of the
M time-slots corresponding to each subcarrier branch is then
activated by one of the elements of Y. Specifically, for the
wth stream transmitted by L number of subcarriers, the ,({)th
time-slot of the /th subcarrier will be activated for transmis-
sion, while the other (L — 1) time-slots of the /th subcarrier
cease transmission. After the above described TH operation,
the [th subcarrier branch modulates a subcarrier frequency f;
for{ = 0,1,..., L — 1 within the active time-slot. Finally, as
shown in Fig.1, the U L subcarrier-modulated signals are added
in order to form the transmitted signal. For the wth stream, the
transmitted signal can be expressed as

s (t) = \/2P ZwTht—yk(l)Th)

x cos (27T(fc o) @
where P represents the transmitted power of the b-bit sym-
bol zy, f. represents the carrier frequency, ¢, (¢) represents a
pulse- waveform defined within [0, 7},) and it is normalized so

that f (t)dt = T},. Note that, equation (2) considers only
one of the ﬁ parallel streams. The other parallel streams can
be considered in a similar way and have the same transmitted
signal form as (2), except that the transmitted b-bit symbols and
the subcarrier frequencies need to be changed correspondingly.
However, for synchronous TH/MC-CDMA systems considered
in this contribution, the performance evaluation can be carried
out when considering only one of the parallel streams. Hence,
unless otherwise mentioned, only one of the parallel streams is
considered for the sake of simplicity in our forthcoming dis-
course.

B. Modulation Parameters

Let us assume a total W, Hz of bandwidth that the TH/MC-
CDMA system can exploit. Let us also assume that the in-
put binary data rate be R, = 1/7}. Below we investigate the
constraints associated with the parameter M of the number of
time-slots per TH/MC-CDMA frame, the parameter L of the
number of subcarriers per parallel stream used for transmission
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Figure 2: Pictorial representation of transmitted signals for a three-
user TH/MC-CDMA system using M = 8 time-slots per symbol and
L = 4 subcarriers.

and the parameter Wy, of the TH bandwidth, which is also
the null-to-null bandwidth per subcarrier signal. The pictorial
representation of the transmitted signal in a three-user TH/MC-
CDMA system using M = 8 time-slots per frame and L = 4
subcarriers is shown in Fig.2, where we assumed that z, in (1)
are £y = 3, zo = 5 and x3 = 7 and the TH address codes
are [1,2,4, 3] foruser 1, [4,3, 6, 7] foruser 2 and [7, 5, 1, 2] for
user 3.

Firstly, when the TH duration is assumed to be T}, seconds,
then the frequency spacing between two adjacent TH tones
should not be less than R, = 1/} Hz, which is the constraint
assumed in this contribution. Consequently, for a TH/MC-
CDMA system using U L number of subcarriers, we have the
relationship among the parameters W, U and L expressed as
Ws = ULRy, = UL/T;. Secondly, we have known that the
frame duration is Ty = UbT;,. Hence, the number of TH slots
M obeys M = 2° = Ty = UbT,/T),. Consequently, it can be
shown that we have M = 2°/b = TyW, /L = W,/ R L.

C. Power Spectral Density

The PSD of the TH/MC-CDMA signals can be derived using
the similar approaches in [8]. Specifically, for real pulse shape
waveform of ¢, (t), the PSD can be expressed as

U L—-1
2
Sr(f) QLTf {Z“;)\If (f = fum)
U L-—1
+y > (f+fum)} 3)
u=1m=0

where W(f) represents the Fourier transform of the time-
domain pulse ¥, (t), i.e., we have U(f) = F{vp, (1)}
Explicitly, Equation (3) shows that the PSD of the TH/MC-
CDMA signal is simply the sum of the basic pulse’s PSD,
W? (), translated to all subcarrier frequencies and weighted

PM_
by a constant of 577~ 17

As an example, let us consider the T3, -width pulse ¢, () =

V2cos (%) I1 ( ) [3], where [ | (

) represents a rectan-
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Figure 3: Power spectral density (PSD) centered at 3.025 GHz for
both multicarrier and single-carrier based TH signals occupying a
bandwidth of about 1.1 GHz.

gular waveform defined in [0,7},). The Fourier transform of
¢, (t) can be expressed as [3]

22T, " cos(n' Ty f)
T 1 —4T2f?

(f) = “4)

Upon substituting (4) into (3) and considering Ty = MTj,, the
corresponding PSD can be expressed as

APT, {ZU: Li cos [Ty (f — fum)]
u=1m=0 [1 - 4T2(f fum) ]
U LD cos?lnT wm
u=1m=0 [1 - 4Th(f + fum)z]

The PSD of (5) for TH/MC-CDMA signals is shown in
Fig.3, when U L = 20 number of subcarriers are assumed. As
shown in Fig.3, the total system null-to-null bandwidth is about
W, = 1.1 GHz and the centered frequency is f, = 3.025 GHz.
Note that, Fig.3 only shows the PSD corresponding to the pos-
itive frequency band, which were computed from the first sum-
mation of (5). According to (5) it is easy to know that the PSD
corresponding to the negative frequency band has the same
shape as that of the positive frequency band, but is centered
at the frequency f. = —3.025 GHz. In Fig.3 we also show the
PSD of the single-carrier-based TH-CDMA signals, which oc-
cupies an equivalent bandwidth of 1.1 GHz. As shown in Fig.3
TH/MC-CDMA signals have a flat, Gaussian noise-like PSD
over the available frequency band and the transmitted power is
near-ideally distributed over the whole system bandwidth. This
PSD characteristic is very important to broadband or UWB [1]
communications, since with the Gaussian noise-like PSD the
resource of bandwidth can be exploited with the highest effi-
ciency. Furthermore, as shown in Fig.3, the PSD’s sidelobes of
the TH/MC-CDMA signals decrease much more rapidly, than
that of the corresponding single-carrier TH-CDMA signals.

Sr(f)=

D. Receiver Model

We assume a free-space propagation channel with Nakagami-
m fading and AWGN. Consequently, when K TH/MC-CDMA
signals obeying the form of (2) are transmitted synchronously
over this type of channels, the received complex low-pass
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Figure 4: Receiver block diagram of the TH/MC-CDMA scheme.

equivalent signal can be expressed as

w5 T

xexp( {27rflt+<pl )D + N(t)

¢Th (t —yr(D)Ty)

(6)

where N(t) represents the complex low-pass equivalent
AWGN with zero mean and single-sided power spectral den-

sity of 2N, while al(k) represents an independent identically
distributed (i.i.d) Nakagami-m random variable with a proba-
bility density function (PDF) given by[4]

mmRmel (7m/Q)R2

2

R

where I'(-) is the gamma function, m is the Nakagami-m fad-
ing parameter and Q — E[(a{")?].

Due to the time-hopping characteristic, we assume that the

receiver is unable to estimate the fading amplitudes {al(k)}

and the phases {apl(k) } except the synchronization with the re-

ceived signal. The receiver schematic of the TH/MC-CDMA
system considered is shown in Fig.4, which essentially repre-
sents an energy assisted detector. The receiver constitutes a
symbol-by-symbol or frame-by-frame detector. Specifically, at
the receiver of Fig.4, the received signal is first multicarrier de-
modulated with respect to each of the L subcarriers used for
the transmission of the M = 2°-ary symbol zj. Then, for
each subcarrier branch, the output signal after subcarrier de-
modulation is input to a matched-filter, which matches to the
time-domain pulse ¢, (1) transmitted within a time-slot. As
shown in Fig.4, the matched-filter’s output is sampled and then
squared associated with each of the A/ number of time-slots in
a frame, in order to generate a decision variable for detecting
the corresponding energy level. Since there are L subcarriers
and each subcarrier conveys M number of time-slots, we are
provided with a total of M L number of outputs during a frame
duration of Ty = UbT, seconds. As shown in Fig.4, the time-
slots of L subcarriers in the context of each frame are analyzed
in order to determine, which time-slots and, hence, which b-bit
symbol z; was transmitted by invoking the detection scheme
described below.

In TH/MC-CDMA systems, as described previously in the
context of the transmitter of Fig.1, a user address is employed
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Figure 5: Frequency-time matrix description for the detection of the
8-ary symbol x1 = 3 transmitted by user 1 using the transmitted
frequency-time matrix of Fig.2.

as a unique signature sequence, in order to signal the time-slots
conveying a b-bit symbol of the user considered, as shown in
(1). Following energy detection in terms of each time-slot of
the L subcarriers, the sequence Yy, of (1) can be recovered by
the receiver, provided that the channel is sufficiently good. By
performing the subtraction operation of the unique user address
ay, of the kth user from Y, on a subcarrier-by-subcarrier basis,
we arrive at

which allows us to recover the transmitted symbol z, of user
k. In (8) © represents the subtraction operation in G F'(M) [5].

The detection operation of the TH/MC-CDMA system can
be understood by means of frequency-time matrices! having
M rows and L columns, where the M rows correspond to the
M distinct time-slots of a frame, while the L columns repre-
sent the L number of subcarriers. We refer to the elements of
the frequency-time matrices as frequency-time elements. The
frequency-time matrix has the same feature as those shown in
Fig. 2, where we assumed that a range of the frequency-time
elements were activated by the transmitters of user 1, 2 and 3.
In order to make use of the frequency-time matrices for facil-
itating the detection at the receiver, the first step is to form a
received frequency-time matrix R based on the decision vari-
ables. Specifically, let us assume that % is a decision threshold.
Then, whenever the energy-related decision variable, say Ry,
in Fig .4, exceeds the threshold %, the corresponding frequency-
time element at row m column [ is flagged by a logical 1 (such
as the markers in Fig. 2), otherwise, by a logical O (null).

Let the transmitted frequency-time matrix associated with
three users be represented by Fig.2. Provided that no chan-
nel impairments are imposed, all elements of the received
frequency-time matrix, say R, are received correctly, i.e., the
received frequency-time matrix R is the same as the transmit-
ted frequency-time matrix S of Fig.2. Since the unique TH
address assigned to user 1 is a; = [1,2,4, 3], for the matrix
R of Fig.2, the resultant frequency-time matrix Dy obtained
by subtraction of the unique user code address a; from R on
a column-by-column basis according to (8) is shown in Fig.5.

I'The frequency-time matrix described here is inspired by the concept of
time-frequency matrix [6], which has been applied for describing the detection
of fast frequency-hopping (FFH) signals.

Let us employ a simple Majority Logic Decision (MLD) based
decoder, which opts for deciding the particular 8-ary symbol
corresponding to the specific row having the highest number
of non-zero entries, for the sake of providing an estimate to
the transmitted symbol z; of user 1. Hence, based on the
frequency-time matrix D of Fig.5, we infer that the transmit-
ted symbol z; = 3 has been correctly decoded with the aid
of unambiguous MLD. Furthermore, it can be shown that the
transmitted symbols zo = 5 by user 2 and z3 = 7 by user
3 can also be detected correctly by using the same approach
described above.

III. EXAMPLES OF PERFORMANCE RESULTS

In this Section the performance of the TH/MC-CDMA systems
using optimum user address codes [5] was evaluated and com-
pared for a range of parameters.

Fig. 6 shows the BER performance of the TH/MC-CDMA
system versus the SNR per bit, F, /Ny and versus the threshold,
h, when communicating over the Nakagami-m fading channels
having the fading parameter of m = 1.2. It is clear from Fig. 6
that an inappropriate choice of the detection threshold - may
lead to significant increase of the BER. For any given threshold
h, the BER decreases, as the SNR per bit increases. By con-
trast, for any given SNR per bit value there exists an optimal
choice of the threshold /, which minimizes the BER. Further-
more, from Fig. 6 we observe that the optimum threshold value
slightly increases, as increasing the SNR per bit value. This
property may be used for predicting the optimum thresholds at
different SNR values. Hence, in our further investigations we
assumed that the optimum threshold was employed, whenever
the detection threshold 7 was invoked.

Fig. 7 shows the bit error probability of the TH/MC-CDMA
systems with respect to supporting various number of users,
when communicating over the Nakagami-m fading channels
associated with the fading parameter m = 1.5. From the re-
sults Fig. 7, we observe that, for a given SNR per bit value,
the BER increases, when the TH/MC-CDMA system supports
more users. We can also observe that, if K < L — 4 number
of users is supported, the BER decreases without error floor, as
the SNR per bit value increases. By contrast, when the num-
ber of users supported is higher than the value of L = 4, we
can clearly observe the error floors in these figures. Hence, for
synchronous TH/MC-CDMA systems using optimum address
codes, the considered single-user based detector is near-far re-
sistance, provided that the number of users supported by the
system does not exceed the number of subcarriers conveying a
M -ary symbol.

In Fig. 8 we show the influence of the fading parameter m
and the number of subcarriers L, which are invoked for trans-
mitting the same 5-bit (M = 32) symbol, on the bit error prob-
ability. Note again that the case of m = 1 corresponds to the
Rayleigh fading channel, while that the cases of m = 1.5, 3
represent the channels, such as Rician fading channels, that
are less faded than the Rayleigh fading channels. From the
results, we observe that, for the TH/MC-CDMA scheme as-
suming a given SNR per bit value, the BER decreases when
m or L increases. Furthermore, as shown in Fig. 8, the SNR
gain corresponding to a low m value, such as m = 1, is more
significant than that corresponding to a high m value, such as
m = 3, when increasing the number of subcarriers L. Hence,
in TH/MC-CDMA systems, when the wireless channels expe-
rience severe fading, a high number of subcarriers may be em-
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ployed for conveying the same information symbol, in order to
achieve a high diversity gain and, ultimately, to achicve a low
bit error probability.
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Figure 6: BER versus the SNR per bit, Fy/Ny, and versus the
threshold, h, performance for the TH/MC-CDMA systems supporting
K = 1 user, when communicating over Nakagami-m fading channels
having the fading parameter m = 1.2.
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Figure 7: BER versus SNR per bit performance for the TH/MC-
CDMA system using parameters of M = 64, I, = 4, when communi-
cating over Nakagami-m fading channels having the fading parameter
m = 1.5.

In conclusions, in this contribution we have proposed
and investigated a novel multiple-access scheme, namely the
TH/MC-CDMA scheme, which is based on the time-hopping,
multicarrier modulation and CDMA techniques. From our
analysis and results we find that TH/MC-CDMA is capable
of providing a range of advantages. Specifically, the TH/MC-
CDMA signals have a flat, Gaussian noise-like PSD over, prob-
ably, a very wide bandwidth. The PSD outband sidelobes de-
crease much more rapidly, than that of a corresponding single-
carriecr TH-CDMA signal. In TH/MC-CDMA, due to the time-
hopping characteristic, each subcarrier is only activated for a
fraction of the frame time-duration. Hence, the nonlinear fluc-
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Figure 8: BER versus SNR per bit performance for the TH/MC-
CDMA system, when communicating over Nakagami-m fading chan-
nels with various fading parameters.

tuation due to the high peak-to-average factor in conventional
multicarrier systems can be significantly mitigated. Further-
more, in TH/MC-CDMA receiver the processing rate is on the
order of the time-hopping rate Fj, which is significantly less
demanding than the demodulation during each chip interval,
which would be necessitated in direct-sequence CDMA (DS-
CDMA). Based on the above-mentioned arguments, it can be
shown that TH/MC-CDMA constitutes a promising multiple-
access scheme, which is capable of supporting broadband or
UWB communications.
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