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A Novel Uplink Multiple Access Scheme Based on TDS-FDMA

Linglong Dai, Zhaocheng Wang, Senior Member, IEEE, and Sheng Chen, Fellow, IEEE

Abstract—This contribution proposes a novel time-domain
synchronous frequency division multiple access (TDS-FDMA)
scheme to support multi-user uplink application. A unified frame
structure for both single-carrier and multi-carrier transmissions
and the corresponding low-complexity receiver design are de-
rived. Compared with standard cyclic prefix based orthogonal
frequency division multiple access systems, the proposed TDS-
FDMA scheme improves the spectral efficiency by about 5% to
10% as well as imposes a similarly low computational complexity,
while obtaining a slightly better bit error rate performance over
Rayleigh fading channels.

Index Terms—Frequency division multiple access, multi-user
uplink, orthogonal frequency division multiple access.

I. INTRODUCTION

Y utilizing pseudorandom noise (PN) sequence instead

of cyclic prefix (CP) as the guard interval of the inverse
discrete Fourier transform (IDFT) block, time-domain syn-
chronous (TDS) orthogonal frequency division multiplexing
(OFDM) outperforms CP based OFDM in spectral efficiency
at the cost of a higher complexity. Higher spectral efficiency is
achieved without the frequency-domain (FD) pilot insertions.
However, the cyclicity of the received IDFT block is destroyed
due to the inter-symbol interference (ISI) between the PN
sequence and the IDFT block. Therefore, iterative interference
cancellation (IC) has to be employed for removing the ISI,
in order to achieve more accurate channel estimation (CE) as
well as to reconstruct the cyclicity of the received IDFT block
for channel equalization [1]. This iterative IC imposes high
complexity and may suffer from unsatisfactory performance
due to the fact that CE and IC are mutually conditional,
namely, perfect CE is needed for ideal IC while perfect IC is
required for ideal CE. Nevertheless, TDS-OFDM was adopted
as the key technology of Chinese national digital television ter-
restrial broadcasting standard [2] and its performance has been
extensively tested and verified [3], simply because spectral
efficiency is one of the major concerns for wireless systems.
Until now, TDS-OFDM has only been used in the downlink
broadcasting. If TDS-OFDM were to be extended to uplink
multiple access application, it would be very difficult to
eliminate the superimposed multi-user interference using the
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conventional iterative methods (see [1] and the references
therein), since the user-specific ISI has to be removed one
by one. This technical difficulty has prevented the extension
of the single-user TDS-OFDM to multi-user scenarios.

CP based orthogonal frequency division multiple access
(CP-OFDMA) has been widely adopted as a multiple access
solution in many wireless communication standards, such as
the uplink of the interaction channel for digital terrestrial
television (DVB-RCT) [4], IEEE 802.16¢ standard for mobile
broadband wireless access systems (WiMax) [5], and the next
generation of broadband wireless networks [6]. This letter pro-
poses an alternative uplink multiple access solution, referred to
as the TDS frequency division multiple access (TDS-FDMA),
by extending the single-user TDS-OFDM concept. The main
contributions of this letter are summarised as below.

1) The specially designed frame structure makes the CE
and IC completely separated from each other. There-
fore, the joint cyclicity reconstruction of the received
IDFT block for all the users is simply achieved by a
one-step add-subtraction operation without the need of
CE information. Moreover, the preamble in the frame
structure enables accurate joint CE for all active users
based on a one-step circular correlation.

2) Compared with standard CP-OFDMA systems, the pro-
posed TDS-FDMA improves the spectral efficiency by
about 5% to 10% as well as achieves slightly better
bit error rate (BER) performance, while practically
imposing a similarly low computational complexity. In
addition, the proposed TDS-FDMA system provides
a unified transceiver architecture for both the single-
carrier (SC) and multi-carrier (MC) uplink multiple
access.

Throughout this contribution, upper- and lower-case letters
represent the FD and time-domain (TD) symbols, respectively,
while boldfaced letters denote matrices or column vectors.
However, for notational convenience, the notation of a se-
quence is interchangeable to a column vector. Iy is the
N x N identity matrix and * denotes the linear convolution,
while ® represents the circular correlation. (-)*, ()T and
(1) represent the complex conjugate, transpose and conjugate
transpose operators, respectively, while (-)] , is the modulo- N
operation. Furthermore, F {-} and tr{-} are the expectation
and trace operators, respectively, while T denotes an estimate
of x and §(n) is the Kronecker delta function.

The rest of this letter is organized as follows. Section II de-
scribes the proposed TDS-FDMA transmission scheme, while
the TDS-FDMA receiver design is detailed in Section III.
Section IV compares the performance of the proposed TDS-
FDMA system with that of the standard CP-OFDMA, and
conclusions are drawn in Section V.
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Fig. 1. Transmission frame structure of the TDS-FDMA system.

II. PROPOSED TDS-FDMA TRANSMISSION SCHEME

Figure 1 shows the frame structure for the mth user of
the proposed TDS-FDMA system with M active users, in
which every user adopts this identical frame structure. The
block transmission unit is the superframe, which consists of
one preamble and L subframes. The subframe is equivalent
to one OFDM symbol, and the number of subframes L can
be flexibly designed according to the channel’s coherent time,
i.e., a higher Doppler spread leads to a smaller L and vice
versa [7]. The Ny-point preamble in the superframe consists
of three parts: the user-specific N,-point training sequence
Cmo = {cm70(n)}gio_l, the K-point prefix and the K-
point postfix, which are identical and can be denoted as
Pmo = {pnl’O(n)}fgol. Instead of using a PN sequence
with good but non-ideal autocorrelation as adopted in the
TDS-OFDM system, a constant amplitude zero autocorrela-
tion (CAZAC) sequence with perfect autocorrelation and flat
frequency response is used as the training sequence for the
proposed TDS-FDMA scheme. According to [8], the CAZAC
sequence ¢, o can be chosen as

‘7\’)"7’L2
emon) =€ M 0<n<N,—1, 1<m<M, (1)

where 7 is relatively prime to IV,,. The autocorrelation of the
CAZAC sequence (1) is given by

Ny—1 _
R.(k) = Z rom)emo((n+ k)JNp) = { A(%’ 2;87

n=0

@)
Unlike the frame header of the TDS-OFDM system where
cyclic prefix and cyclic postfix with different lengths and
distinct contents are used [2], the prefix and the postfix in the
TDS-FDMA system are exactly the same, both of which are
the last K symbols of the CAZAC sequence c,, o. Therefore,
Ny = N, + 2K. For supporting multiple users, the user-
specific CAZAC sequences between neighbouring users hold
a constant circular shift Vs, which can be represented by

E(n N
Cm.0 :Cm(’,O We 1 <m, m' <M,

3)

where ¢, o and c,,’ o are the CAZAC sequences for the mth
and m/th users, respectively, while cE~s denotes the N,-
symbol circular shift of ¢. The CAZAC training sequence
design with TD circular shift is to facilitate the joint CE at

the receiver, which will be addressed in Subsection III-B.
The ith Ny-point subframe s,,; = {Sm,i(n)}i\zgl =
{Xm,i, Pm,; } Within the superframe is the serial concatenation
of the N-point IDFT data block x,,,; = {xm7i(n)}g:_01,
whose discrete Fourier transform (DFT) is represented by

Xmi = {Xm,i(k) 2[;01, and the K-point postfix pm,; =

Copy Copy

{pm,i(n)}i:)l, where Ny = N + K. The postfix p,,; in
each subframe is not related to the IDFT block x,, ;, but is
identical to the prefix and postfix in the preamble, that is,
Pm.,i = Pm,o for 1 <7< L. The identical postfixes ensure the
low-complexity joint cyclicity reconstruction of the received
IDFT block, which will be discussed in Subsection III-A.

The IDFT block x,, ; can be either a MC OFDMA signal
[9] or a SC FDMA signal [10]. In both cases, X, ;, 1 <m <
M, are mutual orthogonal among different users. Without the
loss of generality, an OFDMA type signal is assumed in the
sequel.

III. PROPOSED TDS-FDMA RECEIVER DESIGN
A. Joint Cyclicity Reconstruction

Let the channel impulse response (CIR) for the mth user
be denoted by h,, ; = {hm. (1) ;23_1 for 0 < ¢ < L, where
lm,; represents the maximum channel delay spread of h,, ;,
h,, o is the CIR for the preamble, while h,,, ;, 1 <7 < L, is
the CIR for the ith subframe. Let lyax = max{l,, ;,1 <m <
M,0 << L}, and lyax < K +1 is assumed. We denote the
(N+K)-length signal y; = {yi(n)}g:OK_l as the convolution

of the transmitted N-length IDFT blocks {x,, ; }}_, with the
multi-path channels as below

M M

yi(n)= Z Ym,i(n)= Z(xmz (n)xhyy, 4(n) +Unl,i(”)) ; (4)
m=1 m=1

where h;m is the (K + 1)-dimensional vector generated by

padding zeros to the end of h,, ;, and v,, ;(n) the additive
white Gaussian noise (AWGN) sample. The cyclicity recon-
struction of the received IDFT block is essential to convert
the linear convolution between x,,, ; and h;m into a circular
convolution for a low-complexity FD equalization (FDE).
Let {rm,i(n)})_ be the actually received IDFT block in
the ith subframe, {r,, ;(n + N N the received postfix in

n=0
the ith subframe, and {r,, o(n + N, + K )}f;_ol the received
postfix in the preamble for the mth user. The following one-
step add-subtraction operation between the received IDFT
block, the postfix in the subframe and the postfix in the
preamble will produce the jointly cyclicity reconstructed N-
point signal y; = {y/(n)}Y= of the received IDFT block

M

> (rmyi(n) + 7mi(n+ N)

m=1

—rm70(n—|—Np—|—K)),0 <n<K-1, (%)

yi(n)=
M
> rmi(n), K<n<N-—1.
m=1
Assume that the channel is quasi-static within one superframe.
Then h,,; = hy,o for 1 <7 < L, and the postfix in the
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preamble and the postfix in the ith subframe will introduce
the same ‘tail’ due to the multi-path dispersion, yielding

Zymz

, 0<n<N-1, 6)

where

ymz( +N)+ym,z(n)70§n§K_17
()= { Ym.i (), K<n<N-1 O

Clearly, y/myi in (7) takes the exactly same form as that of a
received IDFT block after removing the CP in the single-user
CP based OFDM system. Consequently, y; in (6), which is a
linear combination of {y/, ;}_,, holds the cyclicity property.
Thus, the joint cyclicity reconstruction for all the users is
achieved via the one-step add-subtraction operation (5). Note
that this one-step add-subtraction operation only introduces
very marginally more computation than simply removing the
CP in a CP-OFDMA system, and the proposed TDS-FDMA
practically imposes a similarly low computational complexity
as a standard CP-OFDMA system does.

The noise in the received signal has a direct impact on the
cyclicity reconstruction process, and the signal-to-noise ratio
(SNR) loss due to the add-subtraction operation is

ZKJ;[FN). )

Unlike the conventional TDS-OFDM where CE and cyclic-
ity reconstruction are coupled, the proposed joint cyclicity
reconstruction via the add-subtraction operation (5) requires
no channel information, and thus CE errors have no impact
on the performance of cyclicity reconstruction. Moreover, the
proposed scheme does not suffer from the severe SNR loss
caused by the iterative CE and IC process of the conventional
scheme. It should also be pointed out that the above cyclicity
reconstruction method still works for time-varying channels,
and this will be confirmed in the simulation study.

After the cyclicity reconstruction, the N -pomt DFT of yz
yields the FD received IDFT block Y; = {Y; (k)}~_,' with
the entries

SNRjoss = 10 - logy, (

M
= > Xmi(k)
m=1
where H,,; is the DFT of h,,;, and V;(k) denotes the
AWGN with E{|V;(k)|?} = o2. Since the multi-users’ data
{Xm7i},,]7\/f:1 are mutual orthogonal in the FD, zero-forcing
(ZF) or alternatively the minimum mean square error (MMSE)
FDE can be used to restore the user—spe01ﬁc transmitted
signals {sz}m | if {Hml} ey OF {hml}m | is known,
which is the topic of the following subsection.

Hp,i(k) + Vi(k), (€))

B. Joint Channel Estimation

Assuming that l,,,x < Ny and M - N, = N, the actually
received CAZAC sequence protected by the prefix in the
preamble can be expressed as

M
~ -
= Z Cm,O hm.,O +wo = COhtotal + wo,

m=1

(10)

where (ij,O is the NV}, x N circular matrix whose first column
is the CAZAC vector C,,,0, h,,0 is the Ny x 1 vector
obtained by padding zeros to the end of the original CIR

|:Clo CQO }1stheN XN

— T
training sequence matrix, hy,q; = h1T,o hzT,o . hﬂ,o} is
the N}, x 1 total channel vector, w, denotes the AWGN vector
with E{wow{!} = 021, . The least squares (LS) estimation
of the channel vector hyy,; in (10) is given by [11]

vector h,, 9, Cyp = CMO

Brorar = (CHCy) ™ (1)

The mean square error (MSE) of the LS channel estimation
(LSCE) (11) is defined by

MSE =FE {tr { (Htotal - htotal)H (fltotal - htotal) }}
—E {tr { (cocy) _ICOHWOWOHCO(COHCO) - } }

C(l)qgo

—1
B { (COHCO) } . (12)
The MMSE of the LSCE is achieved if and only if
C{'Co = N,Iy,. (13)
In this case, the LSCE (11) is simpliﬁed to
~ 1 g
hiotar = cho g0 = hyotar + N, Co wo, (14)
and the corresponding MMSE can be derived from (12) as
MSE iy = 0. (15)

Clearly, the CAZAC sequences with the ideal autocorrelations
given in (2) and the circular shifted structure defined by (3)
lead to the training sequence matrix Cy that meets (13). Thus
a reliable CE, which attains the MMSE accuracy (15), can be
achieved for the TDS-FDMA system. Owing to the circular
property of the CAZAC training sequence matrix Cy, the
unbiased LSCE (14) can also be expressed in the form of
circular correlation as follows

M
- 1. 1
htotal:FC(L()@gO NCOO®<ZCmo®h 0+W0>

m=1
M 1
= hpod(n— (m—1)N,)+——cj o ®wo. (16)
m=1 Np 7

The user-specific CIR estimate ﬁm70 can be directly se-
l/gacted fr0£n ﬂtotal~ When the channel is slowly time-varying,
h,,; = hyo for 1 < i < L can be assumed to equalize
the L subframes following the preamble. However, if the
channel is varying fast, this mechanism will lead to inaccurate
estimates h,, ; and consequently poor channel equalization
performance, particularly for those subframes located near
the end of a superframe. The following low-complexity linear
interpolation can be used to reduce the CE error

N i1
tgtal,i* I — (htgtal

higgal)+ﬂiggal7 1 < i < La (17)

where h;{gt} ; denotes the preamble based LSCE (16) for the
jth superframe, hi) s the interpolated total CIR estimate

total,i
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TABLE I
SPECTRAL EFFICIENCY COMPARISON BETWEEN DVB-RCT AND
TDS-FDMA IN TERMS OF PERCENTAGE WITH RESPECT TO 79

Guard interval DVB-RCT  DVB-RCT DVB-RCT  TDS-FDMA
length with BS1 with BS2 with BS3
K=N/8 71.11% 72.73% 73.56% 78.43%
K = N/16 75.29% 77.00% 77.89% 84.21%
K =N/32 77.58% 79.34% 80.25% 87.80%
TABLE II
TDS-FDMA SYSTEM PARAMETERS FOR SIMULATION

Central carrier frequency 770 MHz

Signal bandwidth 7.56 MHz

IDFT block signal type OFDMA

Carrier allocation scheme Generalized

Number of active users M 4

Total sub-carriers N 3780

Symbol rate 7.56 MHz
Sub-carrier spacing 2 kHz
Modulation schemes 16QAM/64QAM
Training sequence length ) 255

Postfix length K 64

Subframe number L 5

Maximum Doppler spread fg4 5/20/50 Hz

for the ith subframe of the jth superframe. More sophisticated
signal processing techniques, such as Kalman filter or higher
order interpolation [12], can also be used for more accurate
channel tracking.

Note that the preamble based CE can be used for both SC
and MC transmissions in TDS-FDMA. In addition, the identi-
cal postfixes provide the cyclic property in the frame structure,
which can be used for uplink timing and carrier frequency
offset synchronization [13]. The correlation peaks obtained in
(16) also provide additional alternatives for synchronization.

C. Spectral Efficiency

For typical CP-OFDMA schemes such as the DVB-RCT
standard [4], both FD pilots and TD CP insertions result in a
loss in spectral efficiency [14]. The spectral efficiency of the
DVB-RCT system is calculated as

Ny o N
Nd+Nc N"‘K’

SEpvB-RrcT = 10 X (18)
where 7o [bit/s/Hz] is the spectral efficiency of an ideal
OFDM-type system without pilots and guard interval, K is
the CP length, while N4 and N, are the numbers of the
user data symbols and pilot symbols in the DVB-RCT burst
structure (BS). Specifically, DVB-RCT specifies three types
of BS, referred to as BS1, BS2 and BS3, where N; = 144
is adopted for all the three BSs, while N, = 36 for BSI,
N, = 32 for BS2 and N, = 30 for BS3, respectively.

The spectral efficiency of the proposed TDS-FDMA system
is given by

LN
L(N+K)+ N, + 2K’

SETps—FpMA = 10 X (19)
Note that a larger sequence length N, provides better CE and

supports higher number of users, but results in the reduced
spectral efficiency for the TDS-FDMA.

—— Pilot-assisted CE in CP-~-OFDMA [4]
—O— Proposed CE in TDS-FDMA
= + = Theoretical Bound

MSE

10 15 20 25 30
SNR (dB)

Fig. 2. Channel estimation performance comparison of the proposed TDS-
OFDM and standard CP-OFDMA systems over the Vehicular-A channel.

Obviously, spectral efficiency can also be expressed in
percentage if 7y is taken as the reference. Because the DVB-
RCT system can update the channel state information every
6 OFDMA signal frames with the pilot insertion scheme
[4], we select L = 5 and set the length of the CAZAC
sequence to NV,, = 1024 for the TDS-FDMA system to ensure
a fair comparison. Table I compares the spectral efficiency
of the proposed TDS-FDMA system with that of the DVB-
RCT in the 2K mode (N = 2048 for both the DVB-
RCT and TDS-FDMA), where it can be seen that the TDS-
FDMA system improves the spectral efficiency by about 5% to
10%, in comparison with the DVB-RCT system. This clearly
demonstrates that the TDS-FDMA system achieves a better
spectral efficiency than typical OFDMA systems such as the
DVB-RCT.

IV. SIMULATION RESULTS

The TDS-FDMA system parameters used in the simulation
are listed in Table II. The DVB-RCT using BS3 [4] was also
simulated as a typical CP-OFDMA system, with the system’s
parameters set to the compatible values to those of the TDS-
FDMA system.

Figure 2 compares the MSE performance of the CE for the
proposed TDS-FDMA system with that of the simulated CP-
OFDMA system over the Vehicular-A channel [15]. Compared
with the pilot-assisted CE in CP-OFDMA systems, the pream-
ble based CE in the TDS-FDMA system achieves an SNR
improvement of about 1.0 dB at the MSE level of 10~2. This
is because the TD LSCE method of the TDS-FDMA system
directly obtains the complete CIR estimate, while the pilot-
aided FD CE in the CP-OFDMA can only acquire the channel
frequency response (CFR) estimate at the pilot subcarriers, and
the estimated CFR may not be accurate over the deeply fading
subcarriers. Moreover, it is seen from Fig. 2 that the simulated
MSE performance of the proposed CE attains the theoretical
MMSE bound given in (15).

Figs. 3 and 4 show the averaged BER performance compar-
ison of the proposed TDS-FDMA and simulated CP-OFDMA
systems over the Vehicular-A Rayleigh fading channel for
the 16QAM and 64QAM modulation schemes, respectively.
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Fig. 3. BER performance comparison of the proposed TDS-FDMA and
standard CP-OFDMA systems over the Vehicular-A Rayleigh fading channel
with the 16QAM modulation.
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Fig. 4. BER performance comparison of the proposed TDS-FDMA and

standard CP-OFDMA systems over the Vehicular-A Rayleigh fading channel
with the 64QAM modulation.

The ZF FDE was used for the both systems. For the 16QAM
scheme, the TDS-FDMA achieves an SNR gain of about 0.8
dB over the simulated CP-OFDMA at the BER level of 10~2
when f; = 5 Hz, while the SNR gain is about 0.3 dB when
fa = 20 Hz. For the 64QAM scheme, the achieved SNR gains
of the proposed TDS-FDMA over the standard CP-OFDMA
at the BER level of 102 are 1.5 dB and 1.0 dB, respectively,
when f; = 5 Hz and 20 Hz. For the high Doppler spread
of f4 = 50 Hz, the SNR gain of the TDS-FDMA over the
simulated CP-OFDMA becomes marginal and negligible, as
can be seen from Figs. 3 and 4. Performance of the TDS-
FDMA at high Doppler spread may be improved by either
deceasing the subframe number L or employing other signal
processing techniques such as blind equalization [16].

V. CONCLUSIONS

A novel uplink multiple access scheme called the TDS-
FDMA has been proposed to support multi-user uplink appli-

cation. The specially designed frame structure enables the low-
complexity implementation of joint cyclicity reconstruction
and channel estimation at the receiver. Compared with stan-
dard CP-OFDMA systems, the proposed TDS-FDMA scheme
achieves a higher spectral efficiency and slightly better BER
performance, while only imposing a very marginally higher
complexity. The proposed TDS-FDMA also supports both
multi-carrier and single-carrier transmissions, which makes
it a promising candidate for the wireless interactive return
channel solution for Chinese future digital television standard.
Our future study includes the optimal receiver design for the
proposed transmission scheme to explore additional benefits
[17], and the hybrid design of TDS-FDMA and TDMA to
support more flexible multiple access.
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