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Abstract— The time domain synchromous crthogonal frequency divi-
sion multiplex (TDS-OFDM) madulation scheme has recently been pro-
posed In a new digital television (DTV) system. The European DTV stan-
dard DVB-T, on the other hand, uses the cyclic prefix (CP) OFDM modu-
lation, In this paper, TDS-OFDM and CP-OFDM for nonergodic broad-
cast inter-symbol-interference channels are compared from an informa-
tion theoretical perspective. The outage probability expressions are de-
rived for both schemes and evaluated numerically under various system
configurations and channel distributions,

1. INTRODUCTION

The cyclic prefix orthogonal frequency division multiplex
(CP-OFDM) technique is well known for its ability to deal with
inter-symbol-interference (ISI) in high rate wireless communi-
cations. The Digital Video Broadcasting for Terrestrial Tele-
vision (DVB-T) [1], as the European digital television stan-
dard, uses CP-OFDM as its modulation scheme. Although CP-
OFDM is easy to demodulate, it carries a non-negligible price.
In particular, cyclic prefixes (CP) longer than the channel du-
ration must be sent as the guard intervals between consecutive
mverse discrete Fourier transformed (IDFT) blocks, causing a
loss in the channel utilization. Furthermore, DVB-T sends a
large amount of training symbols (more than 10% of the data
symbols) in order to facilitate the channel estimation, causing
further losses in the channel throughput.

Recently, a new digital television system, Terrestrial Digital
Multimedia/Television Broadcasting (DMB-T) [2], has been
proposed for broadcasting in terrestrial environments. A new
modulation scheme called time domain synchronous OFDM
(TDS-OFDM) is used in DMB-T. The transmitter of TDS-
OFDM processes data with IDFT in the same way as CP-
OFDM. However, instead of CPs, TDS-OFDM inserts pseudo-
noise (PN) sequences as the guard intervals, which also serve
as the training symbols. The combination of the guard intervals
and the training symbols can reduce transmission overhead and
thus provide a better performance.

After removing the PN sequences at the receiver, TDS-
OFDM is equivalent to the zero-padded OFDM (ZP-OFDM)
[3]. Muquet et al. [3] proposed a low complexity equalizer
for ZP-OFDM. They compared ZP-OFDM and CP-OFDM and
numerically demonstrated that ZP-OFDM with the equalizer
outperformed CP-OFDM in terms of bit error rates, both in
coded and uncoded cases.

In this paper, the two modulation schemes, namely CP-
OFDM and TDS-OFDM, for nonergodic broadcast [SI chan-
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Fig. 1. Channel Model

nels are compared from an information theoretical perspective.
The outage probability [4] is the performance metric used in
the comparison. The paper is organized as follows. Section
II describes the continuous nonergodic channel model, based
on which the comparison is performed. CP-OFDM and TDS-
OFDM modulation schemes are presented in detail in Section
III and IV respectively, where the outage probability expres-
sions for both schemes are developed as well. In Section V,
the cutage probabilities are numerically evaluated under vari-
ous system configurations and channel distributions. The paper
is concluded in Section VL.

For clarification the notations used in this paper follow usual
conventions. Boldface lowercase symbols represent vectors.
Boldface uppercase symbols represent matrices. {-)7 and ()
are the transpose and conjugate transpose of (-) respectively.
The indexes of the elements of matrices and vectors start from
0.

11. NONERGODIC BROADCAST CHANNEL

In the terrestrial broadcasting system considered here, the
locations of all the receivers are fixed. Since the transmitter is
sending the same information to all the receivers, the broadcast
channel reduces to a single user compound channel as shown
in Fig. 1. The channel g(t) to a user is random and time in-
variant. Assume it has a finite impulse response duration and
is governed by the probability density function Pg)(-). Nei-
ther the receiver nor the transmitter knows the channel. The
channel output to each user is corrupted by the additive zero’
mean complex white Gaussian noise w(t) with power spectral
density (p.s.d.} 1.

The Shannon capacity is not applicable to the nonergodic
channel g(t) because there is always a non-zero probability
that some channel realizations cannot support the attempted
transmission rate no matter how low it is. Similar to the ap-
proaches of (4] and [5], the ocutage probability is the perfor-
mance metric for this nonergodic ¢hannel.
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The cutage probability at a rate R is defined as the proba-
bility that a user cannot receive data reliably at this rate with
a single code. The outage probability expressions are de-
rived for the CP-OFDM and TDS-OFDM baseband modula-
tion schemes in the following two sections, respectively.

111, CP-OFDM BASEBAND MODULATION SCHEME

Let F! be an N-point (I is even) IDFT matrix with unit
norm, i.e., F! ig of size N % N and the element of ¥1 at the
k* row and the I** column is

1 jemkl

[Fi]kl = ﬁexp N . (1)

CP-OFDM with the 1DFT matrix ¥ partitions the channel into

N subcarriers, indexed as {—(¥/2-1),...,-1,0,1,...,N/2},

where subcarrier 0 corresponds to the DC frequency in the
baseband system. Let x = [zg,21,--,zn-1]Tbe the IDFT
input vector, then the i** subcarries (—(V/2 — 1) <i < N/2)
corresponds to the input Z(;mod ny-where mod is the modulo
opetation. The mapping from the indexes of the subcarriers to
those of the IDFT input positions is one-to-one and onto, As-
sume only subcarriers { —M, ..., M} are used for the data and
training transmission, t.e., z; = Ofor M +1 <1 £ N—-M -1,
Let ) .

Q={0,.... M}U{N-M, N-1} 2)

be the set of the transmission input positions. Suppose in
each IDFT block, there are N, subcarriets for data and ¢
for training, N, + N, = 2M + 1. The set of the data
input positions in IDFT block k is denoted as P(k) =
{po(k), p1(k), ... ,pNn,~1(k)}, and thus @ \ P(k)is the set
for training.
Let
S(k) = [50(16), Sl(k]a T ,SN‘,_L(k)lT, (3)

t(k) = [to(k), ta(k), -~ e (N7 #)

be the vectors of the unknown data symbois and the known
training symbols in the k** IDFT block respectively. Assume
equal power in the data and training, ie.,

1 1
EE{tr[s(k)s(k)’l}: ]—V:tr{t(k)t(k)TI: o (5)

Fig. 2 shows the CP-OFDM scheme with training. Let
Oy_n,—nx1 be the vector of the stuffing symbols. The
mapping matrix T1{k) defined by @ and P{k) maps s(k),
t{k) and O to the comresponding subcarriers. To generate the
continuous-time complex baseband waveform s{¢) sent to the
channel (Fig. 1), the following processes are performed af-
ter the IDFT F!: adding the cyclic prefixes of length N, to
the IDFT blocks, parallel to serial (P/S) conversion, discrete to
analog (D/A) conversion with sampiing period T', and lowpass
filtering with

) = —sine(t/T). )

Transmitter

s{k}
Freq LT
IDFT | Add
SELS Map L8 P/S plt)
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-
Receiver
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Fig. 2. CP-OFDM Transmitter and Receiver
The ps.d. of s(t) within frequency (— gl Nakley

is nearly flat, having an average value of p. OQutside
(—Latle NodlNe) the ps.d. is nearly zero [1]. Therefore,
the bandwidth of s(t) fp = Mat:

The receiver consists of a lowpass filter p(£}, an analog to
discrete. (A/D) converter with sampling period T', a serial to
parallel (3/P) converter, an inter-block-interference (IBI) re-
mover, the unit norm DFT F and the reverse mapping [I(k)T.

The composite channel is defined as h(t) = p{t) *g(t}*p(£)
where * denotes a linear convolution. Because g(¢) has a finite
duration, and p(t) goes to zero fast when |¢| goes to infinite (6),
h(t) is assumed to have a finite duration (—neT,n,T") where
np and ny are positive integers. The discrete channel impulse
response is

My =h{ln—ng)T) ford<n<L=ng+n;, N

where L < N, (assume there is no IBI).
The input output relation of the CP-OFDM scheme, there-
fore, 13

[ y(k) ] s(k)
ufk) | =TIk DI(k} [ t(k) | +wik) (8)

v(k) o

where
do
dy

D= N ©)

dny

A _ h

d 2 [dy,dy, -, dny |7 = VNF [ -1yt ] .

(10)

y(k), u{k)and v(k)are the outputs corresponding to s(k),
t{k) and O respectively, and w{k) is the noise term with
complex Gaussian distribution CN{0,Iy). The outputs
{u(0),u(1),...,u(k)} are used to estimate the channe!. Be-
cause in the broadcast scenarie a channel realization for one re-
ceiver is time invariant as assumed, infinite training outputs are
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used for the channel estimation. Suppose the channel estima-
tor is consistent, i.e., the channel estimate b converges almost
surely to h as k goes to infinity. Following the arguments in
{5], the channel can be assumed known at the receiver in order
to analyze the outage probability problem.

Based on the above assumptions the input output relation
further reduces to

y(k) = an

where D(k) is a diagonal matrix with the diagonal entries
d;,i € P(k),and w'(k) has the distribution CA'(0,In,).

The following assumptions are made about the data place-
ment pattern P (k):
« The pericd of P{k) is K, i.e., P(k) = P(k + K).
« During one period, every transmission subcarrier is used
both for data and training, and has the same data-to-training
ratio. More precisely, let the indication function I(z, X) = 1if
x € X,0 otherwise. ThenVi € Q

D(k)s(k) + w' (k)

= KN,
kg:,] I(i,P(k)) = NN (12)

In Fig. 3, the alternating placement pattern similar to DVB-T
[1] is an example which satisfies the above assumptions.
Gathering K successive blocks into one superblock yields

¥(i) = DA(3) + W(i) {13)

where
D(0)
- D(1)
= (14)

, ' DK -1)

¥(i), 8{¢) and W(i) are the vectors concatenating {y(k}},
{s(k)} and {w(k)} respectively, iK <k < (i + )K.

For the channe! distribution Py, (-), the outage probability
at an attempted transmission rate R is

Fou(p, B) = P(¥(p,g(t)) < R) (15)
where
T(p, g{t))
1 o
- - ¥
= KW +Ncp)]og2 det (I + pD'D} (16)
= ! 1+ pld; 17
KT(N+NCP) kz;ﬁ,;k, oga(1 -+ pldil") (1)

_ N, P
T T(N+ Ng)(N, + Ny) ieZQtogz(I + pldi*).(18)

Equation (15) and (16) are derived from [4]. The unit of
U{p, g(t)) and R is bits per second (b/s). Equation (17) is ob-
tained from the fact that D is diagonal, Equation (18) follows

Frequency
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Fig. 3. An example of data placement patterns.

Time

by switching the order of the two summations in (17), and by
the assumption {12).

In CP-OFDM, the insertions of the cyclic prefixes and train-
ing symbols both intreduce transmission overhead. To measure
the overhead, the symbol efficiency - is defined as the power
ratio of the effective data transmission over the overall trans-
mission. For CP-OFDM,

N, N

s = 19
Ny + Ne N + Nep (19)

Yep =

IV. TDS-OFDM BASEBAND MODULATION SCHEME

TDS-OFDM utilizes PN sequences, instead of CPs, as the
guard intervals between successive IDFT blocks. Besides act-
ing as the guard intervals the PN sequences also serve for the
purposes of training and synchronization etc.

Fig. 4 shows the transmitter and receiver structure of the
TDS-OFDM baseband modulation scheme. Since there are
many common components in TDS-OFDM and CP-OFDM,
many symbels and components in the previous section are
reused. The transmitter consists of an V-point [IDFT F(I),
a P/S, a D/A with sampling rate 1/7T and a low pass filter p(t)
(6). Let s(k) of length N, (N; = N in this case) and t(k)
of length N, be the data and training vectors respectively, (3)
and (4). The P/S converts the vector [t(k); F's(k)] into a serial
form. Assume equal power in the data and training transmis-
sion with average power p (5). The bandwidth of the baseband
waveform s(t) fg = 1/T and the p.s.d. of s(t)withi n the
passband is p.

The discrete channel h is obtained in the same way as in
the previous section (7). Again a finite channel duration is as-
sumed in this case; h(n) = Oforn <Qorn > L,and L < N,
(no 1BI).

The received waveform »(t) is converted into the discrete
version r{n). A chanmel estimator tzkes r(n) as the input to
estimate the channel, The consistency of the channel estimator
is assumed, thus the channel can be treated as known at the
receiver for the outage probability problem, as in CP-OFDM.
The influence of the training is removed by subtracting h(n) =
t{n) from r(n), where t(n) is the serial version of t(k).

The input output relation of TDS-OFDM, therefore, is

y(k) = HF's(k) + w(k) (20)
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Fig. 4. TD5-OFDM transmitter and receiver
where
hg O - O
L .
H=|h : 0 an
0 hg ho
0 - 0 B

and w(k) has the distribution CA/(0, I).
The outage probability P,.:(p, R) of TDS-OFDM {[5],in a
form similar to (15) and (16) in CP-OFDM, is
Py (p, R) = P(‘Il(p,g(t)) < R) (22)

where

log, det(I+ pH'H). (23}

¥(p g(t)) = T_——(Nsl+ )

The symbol efficiency -y of TDS-OFDM is affected only by
the insertion of the guard intervals, hence,

Yids = Na TN, .

V. SIMULATIONS

24

The cutage probabilities (15) and (22) depend on the channel
distribution Pgyy)(-). To evaluate the outage probabilities, the
channel profiles are specified as follows.

In the DVB-T standard, the channel ensemble Fixed Recep-
tion F1 is specified for testing the system performance [1] in
the fixed reception that corresponds to the nonergodic chan-
nels. In this section a modified version of F is defined as

r(}&(t) + Zfil T,'(S(t - T,‘)
Vv Zizu pi*

where N = 20, {r;}¥, are independent zero-mean complex
Gaussians with variances {p;2}{_, respectively, {p;};, and

g9(t) = (25)

TABLE1
CONFIGURATION PARAMETERS OF CP-OFDM AnND TDS-OFDM
CP-1 CP-2 TDS-1 | TDS-2 | TDS-3
(DVBBK) | (DVB2K) | (DMB) | (cfg2) | (cfigd)
Ny 6116 1529 3780 1705 337
N 701 176 378 213 213
N 8192 2048 3780 1705 837
Tius) 0.1054 0.1004 | 0.1323 | 0.1314 | 0.1314
fp(MHz) 7.61 7.61 7.56 7.61 7.61
TABLE 1

SYMBOL EFFICIENCIES OF CP-OFDM anp TDS-OFDM

[ CP-1 or 2 {DVB 8K or 2K)
No/N | 1/ | 1/8 | 1716 | 1/32
[ e ] 0718 | 0.797 | 0844 | 0.870
TDS-1 } TDS-2 | TDS-3
(DMRB) | (cfg 2) | (cfg 3)
[ Yas || 0909 | 0889 [ 0.797 ]

{m:}}L, are specified in [1], and pg is controlled by a Ricean
factor K,

N

po’ =K.y pi. (26)

i=1
Suppose that the receiver population consists of several groups,
each of which has the same number of receivers, and that the
channel distribution within one group is governed by (25) with
the Ricean factor associated with the group. '

Shown in table L, the configuration parameters of CP-OFDM
are those of DVB-T [1], where the length of the cyclic prefixes
Nep is chosen from {N/4, N/8, N/16, N/32}. The first set of
configuration parameters of TDS-OFDM comes from DMB-T
2], shown in table T as well.

The outage probabilities {(15) and (22) are evaluated by the
Monte Carlo method. Fig. § shows the outage probability
curves when p = 30dB and there is only one receiver group
with K,. = 10dB. Fig. 6 is the plot when p = 30dB and there
are 3 receiver groups with K, = {5, 10,20}dB respectively.
In the figure legend, DVB-T 2K 1/4 stands for CP-OFDM in
the configuration of the DVB-T 2K system (N = 2048) with
Nep/N = 1/4; DMB-T stands for TDS-OFDM in the DMB-
T system configuration. Since DVB-T 8K has almost the same
curves as DVB-T 2K, the outage probability curves for DVB-T
8K are omitted. Fig. 5 and 6 show that TDS-OFDM in the con-
figuration of DMB-T has a better performance than CP-OFDM
in the configuration of DVB-T in terms of outage probabilities.

In an attempt to understand better why DMB-T has a bet-
ter coverage performance, the outage probabilities are plotted
for two additional configuration parameter sets under the two
channel profiles above. The second set of the TDS-OFDM con-
figuration parameters {cfy 2) is chosen such that TDS-OFDM
has the same IDFT block duration, the same guard interval du-
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Fig. 5. Outage probability curves for p = 30dB and K = 10dB.
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Fig. 6. Outage probability curves for p = 30dB and K, = {5, 10, 20}dB.

ration and the same bandwidth as DVB-T 2K 1/8. In the third
set (cfg 3), TDS-OFDM has the same symbol efficiency, guard
interval duration and bandwidth as DFB-T 2K /8 (Tabie I, II).
As shown in Fig. 7 and 8, TDS-OFDM in ¢fg 2 outperforms
DVB-T 2K i/8 while TDS-OFDM in cfg 3 has almost the same
curves as DVB-T 2K 1/8.

VI. CONCLUSIONS

In this paper,the outage probabilities of the CP-OFDM and
TDS-OFDM modulation schemes are derived and evaluated
for nonergodic broadcast channels, First, CP-OFDM and TDS-
OFDM are configured with the parameters in the DVB-T and
DMB-T systems respectively. The simulations show that TDS-
OFDM has a lower outage probability than CP-OFDM at any
rate in these configurations. Next, TDS-OFDM is configured
to have the same symbol efficiency as CP-OFDM. TDS-OFDM
has nearly the same outage probability curves as CP-OFDM in
this case, which indicates that the symbol efficiency is a major
factor affecting the outage probability. Because TDS-OFDM
combines the guard intervals and the training symbols, it has
a higher symbol efficiency thus a better coverage when TDS-

£, iR = 3040 K = 1048

w't

3

13

AfMoi)

Fig, 7. Additional Py, curves for p = 30dB and K- = 10dB.

P, VAR ip =3B K + (%, 10. 20)8
p—

"

Fig. 8. Additional Pout curves for p = 30dB and K = {5,10, 20}4B.

OFDM and CP-OFDM have the same guard interval and IDFT
block durations.

ACKNOWLEDGMENT

This work was supported in part by a gift from the Legend
Silicon Corporation and the Multidisciplinary University Re-
search Initiative (MURI} under the Office of Naval Research
Contract N00014-00-1-0564.

REFERENCES

{1} DVB-T, “Digital Video Broadcasting {DVB); Framing structure, channe}
coding and modutation for digital terrestrial television,” Fan. 2001.

{2] L. Yang, Z. Yang, K. Gong, and Y. Wn, “A New Tenmestrial Digital Mul-
timedia/Television Broadcasting (DMB-T) Transmission System,” fo ap-
pear in Tsinghua Science and Technology.

[3] B. Muquet, Z. Wang, G.B. Giannakis, M. de Courville, and P. Duhamel,
“Cyclic-Prefixed or Zero-Padded Multicarrier Transmissions?,” subm-
mited to IEEE Transactions on Communications,

[4] 1. Telatar, “Capacity of Multi-antenna Gaussian Channels,” Euwropean
Trans. Telecomrs, vol, 10, no. b, pp. 585596, Nev-Dec 1999,

[5] S. Adireddy and L. Tong, “Optimal placement of known symbols for
ronergedic broad: hannels,” Sub d to [EEE Trans. fnfo. Theory,
August 2001, http: //www.ece.cornell . .edu/~ltong.

598



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


