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Abstract— In this paper we present a novel bandwidth
(BW) efficient orthogonal frequency division multiplexing
(OFDM) scheme with adaptive zero-padding (AZP-OFDM)
for wireless transmission. Redundancy issues in the exist-
ing cyclic prefix (CP) and zero-padding (ZP) based OFDM
as well as no-guard-interval (NGI) systems are analyzed.
A novel system design criterion based on the channel ma-
trix condition is studied and applied in the design of an
adaptive zero-padding (AZP) OFDM system. Simulation
results show that the proposed AZP-OFDM offers perfor-
mance similar to that of the CP based scheme, complexity
similar to that of ZP based schemes, with BW efficiency
higher than that of both CP- and ZP-OFDM. Essentially,
AZP-OFDM offers a better tradeoff between symbol recov-
ery, BW efficiency, and complexity and more flexibility for
implementation.

I. INTRODUCTION

Orthogonal Frequency Division Multiplexing (OFDM)
has been receiving growing interest in recent years and
has been adopted in many standards. All OFDM sys-
tems already standardized in the past are based on the
conventional OFDM scheme that uses a cyclic prefix (CP).
Inserting a CP of length no less than the channel order
and discarding it at the receiver not only suppresses IBI,
but also facilitates the diagonalization of the channel ma-
trix, and makes single-tap equalization possible [12]. An
obvious problem in CP-OFDM systems is that the trans-
mitted symbols cannot be recovered when some channel
zeros are located on subcarriers. Recently, it has been pro-
posed in [4], [10] to replace CP insertion by zero-padding
(ZP) at the end of the block of symbols to be transmitted.
The padded zeros deterministically suppress the IBI and
guarantee symbol recovery [12]. Note that since the num-
ber of zeros required to cancel IBI equals the CP length,
ZP- and CP-OFDM transmission have the same bandwidth
(BW) efficiency. For some existing OFDM systems, such
as HIPERLAN/2 and DAB physical layer, the length of
the CP is chosen to be 1/4 of the block size, which results
in a BW efficiency of 80%.

Some approaches have been proposed to increase the BW
efficiency in OFDM systems [11], [7]. In [11], an OFDM
system that does not use a guard interval (we refer to as
NGI-OFDM) was proposed. Equalization in such a system
requires computing the Moore-Penrose pseudoinverse of the
channel matrix and suffers from error floors in performance
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according to our analysis and simulation. In wireline ap-
plications, channel impulse response shortening techniques
have been developed so that the length of guard interval
can be reduced [7]. But their applications to wireless sys-
tems may be very difficult due time varying characteristic
of wireless channels.

In this paper, we propose a novel OFDM transmission
scheme with adaptive zero-padding (AZP-OFDM) to in-
crease the BW efficiency. We first examine the redundancy
introduced in the existing OFDM schemes. Then we inves-
tigate the possibility to reduce such redundancy and intro-
duce a novel system design criterion based on channel ma-
trix condition, which is shown to be able to predict system
performance very well. With this criterion, a BW efficient
zero-padding scheme, AZP-OFDM, is developed to trade-
off efficiency and performance. Furthermore, complexity
issues are also included in system design, which results in
a more flexible design in that one can make tradeoffs among
performance, efficiency and complexity.

This paper is organized as follows. A brief description
of the existing OFDM schemes as well as redundancy is-
sues are provided in Section II. In Section III, we propose
a system design criterion based on channel matrix condi-
tion, and its application to the design of BW efficient zero-
padding OFDM systems. Simulation results and some fur-
ther discussions in the context of HIPERLAN/2 channel
models are provided in Section V.

IT. SYSTEM DESCRIPTION
A. CP-OFDM
A serial stream of data, u(n), is serial-to-parallel (S/P)
converted into data blocks of size N, u(7) def [u(iN), u(iIN+

1), -+, u(iN + N —1)]T. Performing multicarrier modula-
tion via inverse fast Fourier transform (IFFT), we obtain

s(i) = FHu(i)

where F is the N x N FFT matrix with [F],x =
\/Lﬁe_ﬁmk/N. A guard interval in terms of CP of length

G is then inserted between each block, and the resulting
redundant i-th block s, (7) of length P = N+ is parallel-
to-serial (P/S) converted into time-domain samples s.p(n)
and sent sequentially through the channel. Assume per-
fect symbol and block synchronization. If the length of the
CP, G, is no less than the channel model order, L, after



discarding the first GG entries, which correspond to CP, we
obtain

Tep (Z) = HS(Z) + ﬁcp (l) (1)

where H is the N x N circulant matrix with the first col-
umn [ho,---,hz,0,---,0]7; and f]cp(z') is the N x 1 AWGN
vector. After demodulation by FFT, we get

FHF"u(i) + F7,, (i)
= D(H)u(i) + n,(2) (2)

where D(H) = diag[H(0),---,H(N — 1)] with H(n) =
ZlL:O hye=727/N denoting the channel frequency response
on the k-th subcarrier, and n,,(i) is the FFT-processed
noise vector.

CP-OFDM uses redundancy in the cyclic prefix to can-
cel IBI and transform the linear convolutional channel into
a circular one, which makes simple one-tap equalization
possible. One main problem in CP-OFDM systems is that
the transmitted symbols cannot be recovered when some
subcarriers encounter channel zeros [12].

Yep (1)

B. ZP-OFDM

ZP-OFDM ([4], [10]) transmission differs from CP-
OFDM only in that instead of CP insertion, a guard inter-
val in terms of GG zeros is padded at the end of each block.
Assuming G > L, the received block symbol is given by

r2p(i) = Hs (i) + 0., (7) (3)

where H is a P x N tall Toeplitz matrix with the first col-
umn [ho, - ,hz,0,---,0]7; and nzp(i) is the P x 1 AWGN
vector.

Redundancy in ZP-OFDM is introduced in terms of trail-
ing zeros, which not only cancels IBI but also guarantees
symbol recovery because the tall Toeplitz channel matrix
in (3) is always well-coditioned [12]. The price to pay for
this benefit is increased equalization complexity [8].

C. NGI-OFDM

An OFDM transmission scheme without using guard in-
tervals, NGI-OFDM, was proposed in [11] to achieve max-
imal BW efficiency. The IBI due to time dispersion of the
channel is combated by IST cancellation as in [6]. After IBI
cancellation, the “IBI-free” received block symbol is given

by

Tngi(1) = Hs(2) + 15, (1) (4)
where H is an N x N lower triangular Toeplitz matrix with
the first column [ho, -+, hz,0,---,0]7 | which cannot be

diagonalized with FFT operations; and n,, (i) is the N x 1
AWGN vector. Therefore, inter-carrier interference (ICT)
has been introduced and must be mitigated for symbol de-
tection.

Equalization in NGI-OFDM is to solve the linear equa-
tion in (4), which is probably ill-conditioned. Fig. 2 shows
an example of the condition number of NGI-OFDM channel

matrix varying with time in HIPERLAN/2 channel A with
a terminal speed v = 3(m/s). As a comparison, those of
CP- and ZP-OFDM are also shown. From Fig. 2 we can see
that the condition number of NGI-OFDM is usually very
large, which makes equalization in (4) an ill-conditioned

problem, and moreover causes unacceptable performance
in NGI-OFDM, as shown in Section IV.

I1I. ProPoSED BW-EFFICIENT ZP-OFDM ScCHEME

To increase the BW efficiency of ZP-OFDM systems,
redundancy introduced in transmission must be reduced.
Usually the tail taps of channel impulse responses are weak
compared with the head part, so their effect is also weak
and may be neglected without affecting overall system per-
formance dramatically. Therefore, if we loosen the con-
straint on guaranteed symbol recovery slightly, higher effi-
ciency may be achieved.

A. BW-Efficient Zero-Padding Scheme
Consider the signal model in ZP-OFDM. Rewrite (3) as

r=Hs+1n (5)

where for convenience of notation, we have dropped sub-
scripts and indices. Consider zero-forcing (ZF) equaliza-
tion, which requires solving an overdetermined system and
can be easily treated as full rank least squares (LS) prob-
lem [2]. The sensitivity of the LS problem is well measured
by the condition of channel matrix H with respect to the
2-norm, x(H) def %, where o1 and oy denote, respec-
tively, the maximum and minimum singular values of H.

Define the SNR at the input of the equalizer ~;, def %

The relative estimation error of equalization in ZP-OFDM

is bounded by
Hfir — 2k(H 1
sl 28D o (L), .
[Isll Yin Yin

We note that v;, may range from 0 to 20 dB in wire-
less communications and usually «(H) > 1. Therefore

o (L) is usually negligible in (6). By defining the SNR

Yin
2
at the output of the equalizer 7,y def ”—HIEH_ST, we obtain
approximately
> Yin
— 7
70ut~ 4/%2(H) ( )

An example of the output SNR, 7,y¢, for ZF equalization in
HIPERLAN/2 channel A is shown in Fig. 3 together with
the bound in (7). The bound is not tight but gives a good
prediction of ¥4y, which in turn determine the system per-
formance. For example, for QPSK modulation, the symbol
error rate (SER) is given by [9]

P=20(im [1- 0T ©

where Q(z)

k(H) as a system design criterion. To be specific, assume

def \/12_7r fxoo e=t"1244. Therefore, we may use



K zeros are padded, with 0 < K < L, the new signal model
is given by

' =H's+7n (9)

where r' and %' are (N 4+ K)-vectors and H' is a (N +
K) x N matrix. The corresponding channel matrix H' is a
submatrix of the ZP-OFDM channel matrix H constructed
by deleting its last P — N — K rows. From the interlacing
property of singular values and perturbation theory [5], we
know that «(H’) > x(H). This is the price to pay for
increased BW efficiency.

Similar to ZP-OFDM, equalization in AZP-OFDM re-
quires the solution of an overdetermined system of equa-
tions. The fast equalization algorithms developed in [§]
cannot be applied due to the different structure of channel
matrices.

B. Modification for Low Complexity Equalization

By taking advantage of the band-Toeplitz structure of
the channel matrix, we propose a modification to the AZP-
OFDM scheme. To be specific, if we discard K initial ob-
servations, we obtain a system with the same number of
observations as unknowns, i.e.,

= H"s + n// (10)
where r” and n’ are N-vectors and H” is an N x N Toeplitz
matrix. We note that the received signal in (10) is a “win-
dowed” version of that in ZP-OFDM. As a result, ZF equal-
ization is transformed into solving a band-Toeplitz system
(with band width L 4 1), for which there are some efficient
solvers [1].

Of course, by discarding some observations, we lose part
of the redundancy in the received signal. As a result, the
system performance will be slightly worse. However, due
to the choice of AZP length (as will be clear in Section
ITI-C), the resulting system is still well-conditioned, which
has been confirmed by our simulations.

C. Choice of ZP Length

Since k(H) = o1/on and oy is more sensitive to per-
turbations, x(H) depends mainly on oy . Hence, instead of
using condition number, we consider the smallest singular
value of the channel matrix, o, as a criterion. In (6), if
we substitute «(H) by ULN, we obtain approximately

> 1
'Yout:Z’Yino'JzV (11)

An example of the approximate bound for 7,,: is also
shown in Fig. 3. From Fig. 3, we see that (11) can
also predict of 7,y very well. Some efficient algorithms
have been developed for calculating singular values of a
matrix [2]. Here we adopt the power method, which can
find the largest eigenvalue of a matrix A in absolute value
and the corresponding eigenvector. To find the other ones,
the power method can be applied to (A — ¢I)~! for some
shift o, and it will converge to the eigenvalue closest to o.

Table T details the algorithm. Now that we want to esti-
mate the smallest singular value of H, the power method
can be applied to (HFH — ¢?I)~! with a shit ¢ equals to
0 or previous estimate. Specifically, for the modified AZP-
OFDM, to take the advantage of the channel matrix struc-
ture, we set ¢ = 0 so that in every iteration, the compu-
tational cost is mainly solving two band-Toeplitz systems,
ie, (HTH)=! = H'H ®. The convergence criterion for
the power method used in our proposed method can be
quite loose because we are not required to estimate the
smalles singular value accurately.

Since wireless channels are well-modeled as stochastic
processes, the system parameter A i1s random. However, it
1s difficult to find a closed-form expression for statistics of
K. In Section 1V, we will instead use simulations.

IV. SIMULATION RESULTS AND DISCUSSIONS

Standard HIPERLAN/2 channel models [3] are used in
our simulations.

A. Statistics of AZP Length

Fig. 4 shows the channel power profiles of HIPERLAN/2
channel models and the simulated probability density func-

tions (PDFs) of AZP length, K. Since K is random, the

BW Efficiency, £(K) def N_I_LK,

pected BW efficiency, Ex [E(K)] = Zé:O NL—l—kPr[I( = k]
using AZP-OFDM in different channels are, respectively,
(A) 98.68%, (B) 97.05%, (C) 95.61%, (D) 97.87% and (E)
93.51%; while employing the standard CP- or ZP-OFDM
BW efficiency is fixed at 80%. The variation of K depends

on the velocity of the mobile terminal. An example of the

1s also random. The ex-

variation of the channel matrix condition number with dif-
ferent numbers of padding zeros as well as variation of the
estimated K with time is shown in Fig. 5 for channel A
with a terminal speed of 3m/s; the simulated transition
probability matrix of K is

0.999 5x107%  2x10°° 0 0
3x107* 0.999 3x107* 6x107° 0
T = 6x107°% 1.0x 1073 0.999 2x107% 4x107¢
0 3x107* 0.003 0.997 0
0 0 0 0.028 0.972

where [T];; % Pr[K(n) = i|[K(n — 1) = j] for i,j =

0,1,---,L. We can see that for a terminal speed of
3m/s, the AZP length varies very slowly and it most likely
changes among some neighboring values. This is due to
small changes in the channel only resulting in small varia-
tions of the spectra of the channel matrix [5].

B. Complexity Issues

The above results lead to further reduction in implemen-
tation complexity of AZP-OFDM in that the AZP length
need not be updated very frequently and the search al-
gorithm 1is only required to examine several neighboring
values, instead of performing exhaustive search over the
set of all possible values. Equalization in (9) is a band
Toeplitz LS problem, for which many special methods have
been devised, e.g., there are several methods of complexity



O ((N + K)N) and even some “superfast” methods that
require O ((N + K)log N) operations [1]. The complexity
of CP-OFDM is O(N log N), while using ZP-OFDM with
fast equalization algorithms is O(P log P) [8]. In our sim-
ulations under the context of HIPERLAN/2 channel mod-
els, we estimate the AZP length every 20 blocks and the
power method usually converges in several iterations. The
proposed scheme has almost the same complexity as us-
ing ZP-OFDM, both of which slightly higher than that of
CP-OFDM.

C. Clipping Fffects

As is well-known, one of the major drawbacks of OFDM
is the high peak-to-average power ratio (PAPR) of the sig-
nal to be transmitted. As a result, OFDM signals cause
serious problems such as distortion of the transmitted sig-
nal due to the power amplifier (PA) non-linearity. In this
paper, we consider the simplified PA model shown in Fig.1,
with both input and output normalized, as in [8]. Accord-
ing to [8], by defining the clipping ratio, C, as the number
of clipped symbols over the total number of symbols, and
the Input Back-Off (IBO) as the ratio of the mean power at
PA input to the input saturation power, (which is a func-
tion of C), the transmitter output SNR difference between
CP- and ZP-OFDM is given by [8]

AL, (C) = 10log (%) +1BO.,(C) = IBO.,(C)

Therefore, such SNR loss will be smaller with shorter guard
interval, as is the case in our proposed AZP-OFDM. Since
the length of AZP, K, is not fixed, we can estimate the
expected SNR loss compared with CP-OFDM as

N+ K

4 IBO,.,(C) — IBO,(C)
(12)

For HIPERLAN/2 transmission, Fig. 6 shows the sim-
ulated SNR loss for ZP- and AZP-OFDM with respect
to CP-OFDM. The clipping effect alone requires reducing
the transmit-power by less than 0.3 dB compared to CP-
OFDM in order to guarantee the same amount of out-of-
band radiation, while the reduction for ZP-OFDM 1s about
0.9 dB [8].

Auep(C) = Ex [IOIOg

D. Uncoded BER performance

Fig. 7 show the uncoded BER performances of NGI-,
CP-, ZP- and modified AZP-OFDM schemes in HIPER-
LAN/2 channel A. The AZP length is updated every 20
blocks. NGI-OFDM experiences serious error floors while
AZP-OFDM has similar performance to CP-OFDM, and
both slightly worse than that of ZP-OFDM. This is due to
the guaranteed symbol recovery capability in ZP-OFDM,
whereas for AZP-OFDM, this property has been sacrificed
to achieve higher BW efficiency and lower complexity.

V. CONCLUSIONS

This paper has shown that the amount of redundancy
introduced in OFDM can be used as a design parameter.

A novel bandwidth efficient zero-padding scheme, AZP-
OFDM, was introduced based on the channel condition,
which is flexible for system design compared with the stan-
dard CP-/ZP-OFDM. A modification to AZP-OFDM offers
more flexibility by considering simultaneously the band-
width efficiency, system performance and implementation
complexity. Simulations for application in wireless LANs
confirm that the proposed scheme offers better tradeoff
among different system specifications.
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Fig. 1. Simplified Power Amplifier model.
Initialization choose xg; 1 = 0.
Iteration until convergence

vit1 = (A —oI) " 'x;
Xi41 = Yi+1/||Yi+1||2
Aiy1 =x2 Axip
1=1+1

(approx. eigenvecotr)
(approx. eigenvalue)

TABLE I
INVERSE ITERATION OF POWER METHOD
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Fig. 2. Condition numbers of OFDM channel matrix vary with time
in HIPERLAN/2 channel A (terminal speed v = 3(m/s)).

35

—¥— ZP-OFDM simulation

—&- ZP-OFDM bound

—<} ZP-OFDM approximation
T T

-10
0 5 10 25 30 35

15 20
E/N, (dB)

Fig. 3. Equalizer output SNR and bounds for ZF equalization in
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