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Abstract— We present a new initial ranging method for
OFDMA systems such as IEEE 802.16-2004. First, a new or-
thogonal ranging signal design is proposed by which an efficient,
low-complexity multi-user ranging signal detection is developed.
Based on the ranging signal detector results, power estimation for
the detected ranging subscriber stations is performed. Then, by
utilizing the proposed orthogonal ranging signal design together
with the redundancy introduced by cyclic prefixes, a new iterative
multi-user timing offset estimator is presented. Compared with
the existing methods utilizing the CDMA-type ranging codes (in
frequency-domain) defined in IEEE 802.16-2004, the proposed
method achieves a better performance and greater robustness
against multi-user interference and multi-path fading channels.

Index Terms— OFDMA, ranging process, multi-user ranging
code detection, timing estimation, power estimation.

I. INTRODUCTION

ORTHOGONAL frequency division multiple access
(OFDMA) has recently received significant interest and

has been adopted as one of the three physical layer modes
in the IEEE wireless MAN standard 802.16-2004 [1]. In
OFDMA, the active sub-carriers are divided into subsets
of sub-carriers termed as sub-channels which are assigned
to multiple users for simultaneous transmissions. The sub-
carriers of each sub-channel may not necessarily be adjacent.
To maintain the orthogonality among the sub-carriers in the
uplink of OFDMA systems, the signals from all active users
should arrive at the base station (BS) synchronously. This is
accomplished by an initial uplink synchronization called a
ranging process by which ranging subscriber stations (RSSs)
adjust their transmission time instants and transmitted powers
so that at the BS their ranging signals synchronize to the
mini-slot boundary of the BS and have equal power. By
means of the ranging process, the system compensates for
the near/far problems (different propagation delays, received
powers) in large cells. Generally, a ranging process includes
initial ranging and periodic ranging. Initial ranging shall be
used by any RSS that wants to synchronize to the system for
the first time. To account for the user-movement over time,
periodic ranging is used. This paper considers initial ranging
process.

The basic procedure of initial ranging processing mentioned
in IEEE 802.16-2004 [1] is briefly described in the following.
First of all, the RSS acquires downlink synchronization and
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uplink transmission parameters (e.g., ranging channel1) from
downlink control frames. Then, it shall transmit a randomly
chosen frequency-domain ranging code on the ranging channel
in a randomly chosen ranging time-slot (one or several OFDM
symbols duration). Since more than one RSSs may choose
the same time-slot, the received ranging signal may include
several RSSs’ ranging information. After detecting ranging
codes and extracting information of timing and power from
the received ranging signal, the BS will broadcast a ranging
response message that advertises all the detected ranging codes
and corresponding ranging time-slots. The ranging response
message also contains adjustment information (e.g., timing
and power adjustment) and status notification (e.g., success,
re-transmission) corresponding to each detected ranging code.
If an RSS receives the success notification, its ranging process
is complete. Otherwise, each RSS adjusts its transmission
power and timing according to the adjustment information
corresponding to its transmitted ranging code, and then repeats
its ranging process until success notification. Based on the
above procedure, the main tasks of the ranging process at the
BS are multi-user ranging code detection, multi-user timing
estimation, and power estimation.

In the literature, there are only a few existing works
[2]-[4] on the initial ranging process of OFDMA systems.
Note that there exist several synchronization methods (e.g.,
[5] [6] and references therein) for OFDM systems but they
cannot be directly applied to OFDMA ranging process due
to different system setups. The existing works for the initial
ranging process can be divided into two approaches. The first
approach, presented in [2] and [3], uses the ranging signals
given in IEEE 802.16-2004 [1] where RSSs transmit randomly
chosen CDMA code on all the ranging sub-carriers and hence,
the corresponding time-domain signals (ranging signals) are
overlapped in the time-domain. The method from [2] which
is based on a correlator bank in the frequency-domain detects
the multi-user ranging codes by a fixed threshold. However,
since multi-user interference depends on the number of RSSs,
a fixed detection threshold would not give a robust detection
performance. The method from [3] which is based on a time-
domain correlator bank uses an adaptive detection threshold
and achieves an improved detection performance.

The second approach given in [4] employs a new ranging
signal structure which divides all ranging signals into several
groups. Ranging signals from different groups do not interfere
with each other if perfectly synchronized since they are
separable in frequency or time by means of transmitting on
different sub-channels and introducing different phase shifts.
Ranging signals within each group interfere with each other
since different CDMA codes are transmitted on the same

1The ranging channel consists of one or more sub-channels over the first
few time slots defined by the BS for the ranging process.

1536-1276/07$20.00 c© 2007 IEEE



660 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 6, NO. 2, FEBRUARY 2007

sub-channel with the same phase shift. In this scheme, the
number of sub-carriers in each sub-channel has to be equal
to the length of the CDMA code and the sub-carriers must
be assigned adjacently. Hence, it is not applicable in inter-
leaved OFDMA systems. All of the above methods utilize the
CDMA codes’ correlation properties to distinguish different
RSSs’ranging signals overlapped in both time and frequency
domains. Their common drawback is that the performance
degrades substantially with the channel frequency selectivity
and the number of RSSs since the correlation properties
of the frequency-domain CDMA codes are affected by the
channel frequency selectivity resulting in a larger multiuser
interference which is amplified by the larger number of RSSs.

In this paper, we present a new ranging signal design and a
new ranging method for interleaved OFDMA systems which
overcomes the existing methods’ drawback. The proposed
ranging signal design does not use frequency-domain CDMA
codes of the existing methods but utilizes the orthogonality
principle and the best channel identification conditions. This
design results in robust, high performance, low-complexity
multi-user ranging signal detection and power estimation. A
new iterative estimation of timing offsets for all ranging sub-
scriber stations is developed based on the proposed orthogonal
ranging signal design and the cyclic prefix redundancy. If com-
pared to existing methods using the existing ranging signals,
our ranging signal design and ranging method achieve a better
performance and a greater robustness against interference from
other subscriber stations and multi-path fading channel effects.

The rest of this paper is organized as follows. The system
and signal models are described in Section II. Our ranging
signal design is presented in Section III and the proposed
ranging method is described in Section IV. Simulation results
and discussion are given in Section V and the paper is
concluded in Section VI.

Notation: We use the following notations: [i]M =
i modulo M and iM = �i/M� where �·� denotes the floor
operation. Hence i = iMM + [i]M . The superscripts ∗ and
H reprresent the conjugate and the Hermitian transpose. �{·}
and E[·] denote the real part and the statistical expectation.
0d is the all-zero column vector of a length d.

II. SYSTEM DESCRIPTION AND SIGNAL MODEL

We consider an uplink of an OFDMA system with N
sub-carriers in a time-division duplexing setup. During a
ranging time-slot of M symbol intervals, the N sub-carriers
are grouped into QR ranging sub-channels and QD data sub-
channels. Each ranging sub-channel has γR sub-carriers and
each data sub-channel has γD sub-carriers where γRQR +
γDQD ≤ N . In general, the sub-carrier assignment of data
and ranging sub-channels can be adaptive according to the
system and channel conditions.

The indices of all the sub-carriers dedicated for the ranging
channel and for the data subscriber stations (DSSs) are denoted
by the sets JR and JD, and those allocated to the i-th RSS
and the k-th DSS are denoted by Ji,R and Jk,D , respectively.
Each RSS uses q sub-channels where 1 ≤ q ≤ QR. During the
m-th symbol interval of the ranging time-slot, the i-th RSS
transmits {C(m)

i,R (l) : l = 0, . . . , qγR −1} on the sub-carriers

defined by Ji,R while the k-th DSS transmits {C(m)
k,D (l) : l =

0, . . . , Nk,D − 1} on the sub-carriers defined by Jk,D where
Nk,D denotes the cardinality of the set Jk,D which would be
an integer multiple of γD.

In sub-carrier domain at the m-th OFDM symbol interval,
the length-N ranging code vector for the i-th RSS and the
length-N data vector for the k-th DSS are, respectively, de-
noted by X

(m)
i,R and X

(m)
k,D. Their corresponding n-th elements

(n ∈ {0, . . . , N − 1}) are given by

X
(m)
i,R (n) =

⎧⎨
⎩

AiC
(m)
i,R (l), n = Ji,R(l),

l = 0, . . . , qγR − 1
0 otherwise

(1)

X
(m)
k,D (n) =

⎧⎨
⎩

Ak,DC
(m)
k,D (l), n = Jk,D(l),

l = 0, . . . , Nk,D − 1
0 otherwise

(2)

where |C(m)
i,R (l)| = |C(m)

k,D (l)| = 1, and {Ai, Ak,D > 0} are
amplitude factors. Denote the N -point unitary inverse discrete
Fourier transform (IDFT) of X

(m)
i,R and X

(m)
k,D by x

(m)
i,R and

x
(m)
k,D , respectively. After cyclic prefix (CP) insertion, the time-

domain transmitted signal samples of the i-th RSS are denoted
by

xi,R(n) =

⎧⎪⎪⎨
⎪⎪⎩

x
(m)
i,R (l − Ng), n = m(N + Ng) + l,

l = 0, . . . , N + Ng − 1;
m = 0, . . . , M − 1

0, otherwise
(3)

where {x(m)
i,R (−l) : l = 1, . . . , Ng} represent CP samples and

hence, x
(m)
i,R (−l) = x

(m)
i,R (N − l). Similarly, those of the k-th

DSS are denoted by

xk,D(n) =

⎧⎪⎪⎨
⎪⎪⎩

x
(m)
k,D(l − Ng), n = m(N + Ng) + l,

l = 0, . . . , N + Ng − 1;
m = 0, 1, . . .

0, n < 0.
(4)

Suppose that there are NR RSSs and ND DSSs in the system
and the system can support a maximum of Nc simultaneous
RSSs (corresponding to Nc ranging opportunities or distinct
ranging signals). The NR RSSs’ ranging signal indices are
denoted by the set IR. For simplicity and without loss of
generality, we assume that the i-th RSS uses the ranging
signal {Xi,R(k)}, and hence IR = {0, . . . , NR − 1} from
the possible indices {0, . . . , Nc − 1}. After obtaining the
ranging channel information through the control channel (e.g.,
UL-MAP in [1]), each RSS chooses one of the Nc ranging
signals randomly and performs initial ranging process during
one ranging time-slot. Since the locations of different SSs are
different, the corresponding transmission delays (di,R for the
i-th RSS and dk,D for the k-th DSS) are different. Hence,
at the beginning of the ranging process, their relative delays
with respect to the BS’s time-slot boundary are different. The
maximum possible relative delay dmax,R for an RSS is the
round-trip transmission delay for an RSS at the cell boundary.
In practice, we can find this maximum relative delay from the
knowledge of cell radius. Note that Ng for RSSs should be
designed such that Ng ≥ dmax,R + L. For DSSs, since initial
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Fig. 1. Observation window at the BS receiver.

ranging processes have already been completed, the maximum
possible delay dmax,D, determined by the timing requirement
for the ranging process, will be much smaller. Hence, the CP
interval for data transmission can be designed to be smaller
than that of ranging symbols.

We consider a multi-path Rayleigh fading channel with L
sample-spaced taps. The channel tap gains for the i-th RSS
and the k-th DSS (denoted by {hi,R(l)} and {hk,D(l)}, l =
0, . . . , L−1, respectively) are assumed to remain constant over
one ranging time-slot, and the statistical average total energy
of the channel taps is σ2

h. Let the channel output samples for
the i-th RSS signal be {yi,R(n)} and those for the k-th DSS
be {yk,D(n)}, i.e.,2

yi,∗(n) =
L−1∑
l=0

hi,∗(l)xi,∗(n − l − di,∗). (5)

Then the n-th received signal sample (n = 0, 1, . . . ) at the BS
can be expressed as

y(n) =
NR−1∑

i=0

yi,R(n) +
ND−1∑
u=0

yu,D(n) + w(n) (6)

where {w(n)} are independent and identically distributed
(iid), circularly-symmetric complex Gaussian noise samples
with zero mean and variance σ2

w = E[|w(n)|2].
At the receiver, we consider an observation window of

M(N + Ng) + Ng samples as shown in Fig. 1 to make sure
that all received ranging signals reside within this observation
window regardless of their possibly different transmission
delays. There are M inter-symbol interference (ISI) free
windows of N samples each and (M+1) ISI-affected windows
of Ng samples each, in the observation window. The sample
indices of the m-th ISI-free window and the m-th ISI-affected
window are, respectively, denoted by

J
(m)
ISI−free = {m(N + Ng) + Ng, . . . , (m + 1)(N + Ng) − 1},

m = 0, . . . , M − 1 (7)

J
(m)
ISI = {m(N + Ng), . . . , m(N + Ng) + Ng − 1}

m = 0, . . . , M. (8)

2In the rest of the paper, the subscript * denotes whether R or D.
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Fig. 2. Ranging opportunities in the subchannel-domain and the time-domain.
(Each ranging sub-channel contains disjoint cyclically equal spaced γR sub-
carriers spread out across the entire bandwidth.)

III. PROPOSED RANGING SIGNAL DESIGN

We consider an interleaved OFDMA system where γR(≥
L) sub-carriers of each (initial) ranging sub-channel are spread
out across the sub-carrier domain with a cyclically equal
spacing of N/γR sub-carriers. Each RSS uses γR sub-carriers
(i.e., q = 1). The total number of ranging opportunities
(distinct ranging signals) provided by our design is Nc =
QRM and is shown in Fig. 2.

The Nc different ranging signals are divided into QR

groups. The signals from different groups are transmitted on
different sub-carriers. The sub-carrier assignment for the i-th
RSS is defined by

Ji,R = {(nN

γR
+ ΔiM ) : n = 0, . . . , γR − 1} (9)

where

0 ≤ ΔiM <
N

γR
& ΔiM 	= ΔkM if iM 	= kM . (10)

A recommended choice for ΔiM is iMN/(QRγR) which
assigns ranging sub-carriers of different groups equally spread
out with equal spacing across the entire bandwidth. Note that
{Ji,R} and {Jk,D} should be disjoint for all i and k and
{Ji,R} and {Jk,R} are disjoint for all iM 	= kM but they
are the same if iM = kM . Due to the orthogonality among
sub-carriers, received signals from different groups would not
interfere with each other if perfectly frequency-synchronized.
On the other hand, the M ranging signals in the same group
are transmitted on the same γR sub-carriers over M symbol
intervals. In order to separate these M ranging signals, we
introduce phase-shift-orthogonality over M symbol intervals
within each group as follows. The ranging sub-carrier symbols
for the i-th RSS at the m-th symbol interval and the 0-th
symbol interval are related by

C
(m)
i,R (l) = C

(0)
i,R(l)ej2π[i]M m/M , m = 1, . . . , M − 1. (11)

It can be easily observed that all ranging codes are orthogonal
to each other, i.e.,

M−1∑
m=0

N−1∑
n=0

X
(m)
i,R (n)(X(m)

k,R (n))∗ =
{ |Ai|2γRM , if i = k

0 , if i 	= k.

(12)
The orthogonality is obtained by either the disjoint sub-carrier
assignment as defined in (9) or the phase-shift orthogonality
over M symbol intervals as described in (11).
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At the receiver under perfectly frequency-synchronized sce-
nario, different ranging codes transmitted on disjoint sub-
carriers remain disjoint at the receiver. The orthogonality
among different ranging codes transmitted on the same sub-
carriers is also maintained at the receiver since the orthog-
onality is established sub-carrier-wise as described in (11)
and the channel gain on each sub-carrier remains the same
over the M symbol intervals. Hence, our proposed design
provides orthogonality between any signal pairs of the re-
ceived ranging and/or data signals, and hence it is optimal
for multi-user ranging code detection if perfectly frequency-
synchronized. To elaborate this, first recall that there is no ISI
after the CP removal since Ng ≥ dmax,R + L. Next, there
is no multiuser interference in the ranging code detection for
the proposed design under perfectly frequency synchronized
scenario as shown in (12), and hence an optimal detector (e.g.,
based on the maximum likelihood criterion) can be derived.
However, for the existing ranging codes, there exists multi-user
interference in the ranging code detection due to the effect of
the channel frequency selectivity on the correlation properties
of the received frequency-domain CDMA ranging codes. In
this case, the optimal detector cannot be obtained. A benefit
of our orthogonal design is that all ranging codes can be easily
decoupled, hence rendering an efficient, low-complexity multi-
user ranging code detection as will be discussed in the next
section.

Note that we set γR ≥ L in our design so that the received
ranging signal from any RSS completely characterizes the
corresponding channel 3. Our sub-carrier assignment for rang-
ing sub-channel applies the principle of pilot tone design for
MIMO OFDM channel estimation from [11] but we tailor it to
the ranging process. Hence, our ranging code design is optimal
in terms of characterizing the corresponding channels (may be
useful in adaptive resource allocation) which in turn gives a
better representation of average power across the sub-carrier
domain for the RSS. Note that the existing ranging codes
may not be able to provide a complete channel estimate let
alone the optimality of the channel estimation. For example,
we cannot obtain the channel estimates across all sub-carriers
from a ranging code transmitted on a group of adjacent sub-
carriers as used in the existing ranging code design from [4].

IV. PROPOSED RANGING METHOD

We assume that the ranging signals transmitted by different
RSSs in one time-slot are different. By a proper system design,
it can be satisfied most of the time. The conflict of more than
one RSS using the same ranging signal may be handled by
several ways. A simple approach is to embed some subscriber
identification information in the ranging signal (for example,
designing the ranging time-slot consisting of M + 1 symbols
where the last symbol contains identification information of
all RSSs) by which collided RSSs can be distinguished.
However, we will not consider this RSS collision issue in
this paper. All RSSs first perform frequency synchronization
using an appropriate method (e.g., [7]-[9]) based on downlink
control/broadcast channel before initiating the ranging process.

3At least L pilot tones are necessary for the identification of an L-tap
channel.

During the ranging process, residual frequency offset errors
will be quite small. Hence, our proposed methods will be de-
veloped based on a perfectly frequency-synchronized scenario
or a small residual frequency offset scenario. The performance
in the presence of residual frequency offsets will be evaluated
in the simulation section. Our proposed method first performs
multi-user ranging signal detection based on the BS timing
reference. Then utilizing the ranging signal detection results,
our method carries out power estimation and iterative timing
estimation for each detected RSS. Power and timing estimates
are compared with ranging requirements and necessary control
information is broadcast back to the RSSs.

A. Multi-User Ranging Signal Detection

Based on the BS timing reference, we obtain frequency-
domain received k-th sub-carrier symbol (k ∈ {0, . . . , N−1})
at the m-th symbol interval (m ∈ {0, . . . , M−1}) by N -point
unitary DFT of {y(n) : n ∈ J

(m)
ISI−free} as

Y (m)(k) =
1√
N

N−1∑
l=0

y(m(N + Ng) + Ng + l)e−j2πlk/N

=
NR−1∑

i=0

X
(m)
i,R (k)Hi,R(k)

+
ND−1∑
u=0

X
(m)
u,D(k)Hu,D(k) + W (m)(k) (13)

where

Hi,R(k) = e
−j2πkdi,R

N

L−1∑
l=0

hi,R(l) e
−j2πlk

N (14)

Hi,D(k) = e
−j2πkdi,D

N

L−1∑
l=0

hi,D(l) e
−j2πlk

N (15)

W (m)(k) =
1√
N

N−1∑
l=0

w(m(N + Ng) + Ng + l) e
−j2πlk

N .

(16)

Ranging codes using different ranging sub-carriers are already
decoupled in the frequency-domain. Within each group of
ranging codes using the same ranging sub-carriers, the sub-
carrier symbols of different ranging codes can easily be
decoupled by utilizing the orthogonality property (see (12),
(1) and (11)) as

Zi(k) =
1
M

M−1∑
m=0

Y (m)(k)e−j2π[i]M m/M , k ∈ Ji,R (17)

=

{
X

(0)
i,R(k)Hi,R(k) + W̄ (k), i ∈ {0, . . . , NR − 1}

W̄ (k) i ∈ {NR, . . . , Nc − 1}
(18)

where {W̄ (k)} are iid circularly symmetric complex Gaussian
random variables with zero mean and variance σ2

w/M .
The decision variable Di to decide the presence of the i-th
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ranging signal is defined as

Di =
∑

k∈Ji,R

Zi(k)Z∗
i (k) (19)

=

⎧⎪⎨
⎪⎩

∑
k∈Ji,R

‖X0
i,R(k)Hi,R(k) + W̄ (k)‖2, i ∈ IR∑

k∈Ji,R

‖W̄ (k)‖2, i /∈ IR.

(20)

The decision variable Di is not affected by other RSSs and
DSSs, resulting in an efficient, low-complexity multi-user
ranging signal detection. Our orthogonal ranging signal design
is the key to this efficient multi-user ranging signal detection.

The i-th ranging signal detector decides that the i-th ranging
signal is detected if Di > ηi. The value of the threshold ηi

is derived in the following. Since Hi,R(k) for k ∈ Ji,R are
spread out across the whole bandwidth with equal spacing and
N � γR in typical OFDMA systems, {Hi,R(k) : k ∈ Ji,R}
can be approximately treated as independent random variables.
Then Di is a summation of squares of 2γR approximately iid
real-valued Gaussian random variables and can be considered
as a chi-square random variable with 2γR degrees of freedom.
Hence, the probability density function of Di can be given by

pDi(x) ≈ 1
σ2γR

i 2γRΓ(γR)
xγR−1e

−x

2σ2
i , x ≥ 0 (21)

where

σ2
i =

{
A2

i σ2
h

2 + σ2
w

2M , i ∈ IR
σ2

w

2M , otherwise.
(22)

The detection threshold ηi is derived from the following
maximum-likelihood criterion

pDi|i∈IR
≷ pDi|i/∈IR

(23)

and obtained as

ηi =
2γRσ2

i|i/∈IR
ln
(

σ2
i|i∈IR

σ2
i|i/∈IR

)

1 − σ2
i|i/∈IR

σ2
i|i∈IR

(24)

=
γRσ2

w

M
(1 +

γR

SNRiNM
) ln
(

1 +
SNRiNM

γR

)
(25)

where SNRi is the SNR of the i-th ranging signal defined as

SNRi =
γRA2

i E[|Hi,R(k)|2]
Nσ2

w

≈ γRA2
i σ

2
h

Nσ2
w

. (26)

Note that ηi is the same for all i if transmit-powers of all RSSs
are the same. Also, under fixed system parameters (γR, N , M ,
σ2

w), the changes in ηi value due to different SNR values (say
within [-10dB ∼ 20dB]) is very small and can be neglected
when compared with the mean of Di in the first case (i ∈ IR)
of (20). So we can use a fixed detection threshold as

ηi =
γRσ2

w

M

(
(1 +

γR

SNRfNM

)
ln
(

1 +
SNRfNM

γR

)
(27)

where SNRf is a fixed design SNR for the detection threshold
and in our simulation we use SNRf = 100. To estimate
the noise power σ2

w required in the detection threshold, we
can keep one fixed ranging opportunity (say the i0-th ranging

code) unused. Then Di0 corresponds to the second case (i /∈
IR) of (20) from which the BS receiver can easily estimate
the noise power as

σ̂2
w = Di0M/γR. (28)

It is also possible to pre-measure the noise power by other
means at the BS without sacrificing a ranging opportunity.
We can alternatively use a fixed design value of σ2

w for
the detection threshold. For environments with varying noise
and interference levels, noise (interference included) power
estimator could be used, otherwise, a fixed design value of
σ2

w would be a preferred choice.
In the presence of residual frequency offsets, the σ2

i required
in the detection threshold can be approximated as (29) (see
Appendix-A for details) where v is the design value of the
residual normalized (by the sub-carrier spacing) frequency
offset. The detection threshold in the presence of residual
frequency offset can be calculated from (24) where σ2

i is given
by (29) and v can be set to the upper end of the possible
residual normalized frequency offset range.

B. Power Estimation

After the i-th ranging signal is detected, the next step in the
ranging process is to estimate the corresponding (normalized)
received power Pi defined by

Pi =

∑
k∈Ji,R

|Xi,R(k)|2|Hi,R(k)|2

N
. (30)

From (20), we obtain

Pi =
1
N

{Di −
∑

k∈Ji,R

|W̄i(n)|2

−
∑

k∈Ji,R

2�[Xi,R(k)Hi,R(k)W̄i(k)]}. (31)

Since the last term in the nominator has a zero mean, we
simply estimate the received power of the i-th ranging signal
as

P̂i =
Di − σ2

wγR/M

N
. (32)

C. Iterative Timing Offset Estimation

The received samples {y(n)} are the superposition of
signals from NR RSSs and ND DSSs with different channels
and different timing offsets. Ranging process estimates the
timing offsets of all detected RSSs based on the received
samples {y(n)} within the observation window. We address
this multi-user timing offset estimation by means of NR single
RSS timing offset estimators. For each detected RSS, an
iterative timing offset estimator is developed. Although multi-
user timing offsets are not jointly estimated, each timing offset
estimator utilizes the timing offset estimates of the other RSSs
obtained in the previous iteration.

The proposed timing offset estimator exploits the proposed
orthogonal ranging signal design and the signal redundancy
introduced by the CPs. Based on the orthogonality among the
RSSs and DSSs signals over M ISI-free windows, we can
obtain interference-free clean samples (denoted by {ȳ(m)

i,∗ (n) :
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σ2
i ≈

⎧⎨
⎩

| 1−ej2πv

N(1−ej2πv/N )
|2
[

σ2
h

2M2

∑M−1
l=0 A2

l | 1−ej2π(M(N+Ng )v/N+[l]M−[i]M )

1−ej2π[(N+Ng)v/N+([l]M−[i]M )/M] |2 + σ2
w/(2M)

]
, i ∈ IR

| 1−ej2πv

N(1−ej2πv/N )
|2
[

σ2
h

2M2

∑M−1
l=0,l �=i A2

l | 1−ej2π(M(N+Ng)v/N+[l]M−[i]M )

1−ej2π[(N+Ng)v/N+([l]M−[i]M )/M] |2 + σ2
w/(2M)

]
, otherwise

(29)

n = 0, . . . , N−1}) of the channel-output m-th symbol (except
noise contamination) for the i-th SS as (see (18) and (11))

ȳ
(m)
i,R (n) =

1√
N

∑
k∈Ji,R

Zi(k)e
j2πnk

N e
j2πm[i]M

M (33)

ȳ
(m)
i,D (n) =

1√
N

∑
u∈Ji,D

Y (m)(u)e
j2πnu

N . (34)

From {ȳ(m)
i,∗ (n)}, we reconstruct, for the i-th RSS (or DSS)

with transmission delay d, a clean version of the m-th sym-
bol’s CP, ȳ

(m)
i,R,CP(d) (or ȳ

(m)
i,D,CP(d)) given by

ȳ
(m)
i,∗,CP(d) = (35)�����
����

�
0d, ȳ

(0)
i,∗ (N − Ng + d), . . . , ȳ

(0)
i,∗ (N − 1)

�T

, m = 0�
ȳ
(m−1)
i,∗ (0), . . . , ȳ

(m−1)
i,∗ (d − 1), ȳ

(m)
i,∗ (N − Ng + d),

. . . , ȳ
(m)
i,∗ (N − 1)

�T

, m �= 0.

On the other hand, we can obtain another version of the
CP (interference-affected version denoted by ŷ

(m)
i,R,CP) by

subtracting the clean version of CPs of the other SSs from the
received CP within the ISI-affected window, y

(m)
CP , as follows:

ŷ
(m)
i,R,CP = y

(m)
CP −

∑
k∈IR,k �=i

ȳ
(m)
k,R,CP(dk,R)

−
ND−1∑
u=0

ȳ
(m)
u,D,CP(τ (D)) (36)

where τ (D) is the design parameter to replace the actual trans-
mission delays for all DSSs since no timing offset estimation
for DSS is performed. The ŷ

(m)
i,R,CP contains correct timing

information di,R (embedded in y
(m)
CP ) and hence, the timing

offset estimate for the i-th RSS can be obtained by maximizing
a sliding correlation metric between the clean version and the
interference-affected version as

d̂i,R = arg max
0≤d≤dmax,R

�
{

M−1∑
m=0

(
ȳ

(m)
i,R,CP(d)

)H

ŷ
(m)
i,R,CP

}
. (37)

Constructing ŷ
(m)
i,R,CP requires the knowledge of {dk,R : k 	=

i} which are unknown and what the timing offset estimator for
the k-th RSS is estimating. However, we can apply an iterative
approach where {dk,R : k 	= i} are replaced with {d̂(0)

k,R :
k 	= i} = τ (R) at the beginning of the first iteration to get
the i-th RSS’s timing offset estimate {d̂(1)

i,R} at the end of the
first iteration. In general, at the θ-th iteration, the interference-
affected version ŷ

(m,θ−1)
i,R,CP is constructed by using estimates

from the previous iteration, {d̂(θ−1)
k,R : k 	= i}, and hence, the

i-th RSS’s timing offset estimate at the θ-th iteration is given
by

d̂
(θ)
i,R = arg max

0≤d≤dmax,R

�
{

M−1∑
m=0

(
ȳ

(m)
i,R,CP(d)

)H

ŷ
(m,θ−1)
i,R,CP

}
.

(38)

In the following, we will discuss the effect of mismatch
between dk,R and d̂

(θ)
k,R and how to obtain the values of

τ (D) and τ (R). Let y
(m)
i,R,CP represent ŷ

(m)
i,R,CP obtained with

exact timing offsets of all RSSs and DSSs. Then (38) can be
expressed as

d̂θ
i,R = arg max

0≤d≤dmax,R

�
�

M−1�
m=0

	
ȳ

(m)
i,R,CP(d)


H 	
y

(m)
i,R,CP − E

(m,θ)
i


�

= arg max
0≤d≤dmax,R

�
�

M−1�
m=0

	
ȳ

(m)
i,R,CP(d)


H

y
(m)
i,R,CP

−
	
ȳ

(m)
i,R,CP(d)


H

E
(m,θ)
i

�
(39)

where E
(m,θ)
i is the error vector corresponding to the m-

th symbol at the θ-th iteration of the i-th RSS timing offset
estimator due to the timing offset mismatches and is defined
as

E
(m,θ)
i = ŷ

(m,θ)
i,R,CP − y

(m)
i,R,CP

=
∑

k∈IR,k �=i

(
ȳ

(m)
k,R,CP(dk,R) − ȳ

(m)
k,R,CP(d̂(θ)

k,R)
)

+
ND−1∑
u=0

(
ȳ

(m)
u,D,CP(du,D) − ȳ

(m)
u,D,CP(τ (D))

)

≡
∑

k∈IR,k �=i

e
(m,θ)
k,R,CP +

ND−1∑
u=0

e
(m)
u,D,CP (40)

and the elements of e
(m,θ)
k,∗,CP are zero-mean random variables

given by

e
(m,θ)
k,∗,CP(n) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

0,

(n < min(dk,∗, d̂
(θ)
k,∗)) ∪ (n ≥ max(dk,∗, d̂

(θ)
k,∗))

ȳ
(0)
k,∗(N + n − Ng),

(dk,∗ ≤ n < d̂
(θ)
k,∗) ∩ (m = 0)

−ȳ
(0)
k,∗(N + n − Ng),

(d̂(θ)
k,∗ ≤ n < dk,∗) ∩ (m = 0)

ȳ
(m)
k,∗ (N + n − Ng) − ȳ

(m−1)
k,∗ (n),

(dk,∗ ≤ n < d̂
(θ)
k,∗) ∩ (m 	= 0)

ȳ
(m−1)
k,∗ (n) − ȳ

(m)
k,∗ (N + n − Ng),

(d̂(θ)
k,∗ ≤ n < dk,∗) ∩ (m 	= 0)

(41)
where for ∗ = D, e

(m,θ)
k,∗,CP(n) represents e

(m)
k,D,CP(n) and d̂

(θ)
k,∗

represents τ (D). Since the second term in (40) is due to the
DSSs and is irrelevant to timing offsets of RSSs, we need to
consider only the first term which represents the interference
due to timing mismatches of RSSs. The corresponding inter-
ference energy can be calculated (see Appendix-B for details)
as (42) and (43).

From (43), we can observe that the interference energy
due to timing mismatches is proportional to the difference
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E
[
(e(m,θ)

k,R,CP)H(e(m,θ)
k,R,CP)

]
=

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

E

⎡
⎣max(dk,R,d̂

(θ)
k,R)−1∑

n=min(dk,R,d̂
(θ)
k,R)

|ȳ(m)
k,R (N + n − Ng) − ȳ

(m−1)
k,R (n)|2

⎤
⎦ , (m 	= 0)

E

⎡
⎣max(dk,R,d̂

(θ)
k,R)−1∑

n=min(dk,R,d̂
(θ)
k,R)

|ȳ(0)
k,R(n)|2

⎤
⎦ , (m = 0)

(42)

≈

⎧⎪⎪⎨
⎪⎪⎩

|dk,R − d̂
(θ)
k,R| 2(SNRkσ2

w + γRσ2
w

NM ), (m 	= 0) ∩ ([Ng]γR 	= 0)

|dk,R − d̂
(θ)
k,R| 2(SNRkσ2

w + γRσ2
w

NM )(1 − cos 2π{ [k]M
M + (Ng)ΔkM

N }), (m 	= 0) ∩ ([Ng]γR = 0)

|dk,R − d̂
(θ)
k,R| (SNRkσ2

w + γRσ2
w

NM ), (m = 0).

(43)

|dk,R−d̂
(θ)
k,R|. Hence, the iterative approach would improve the

performance since d̂
(θ)
i can be iteratively improved at SNRs

of practical interest. The best number of iterations will be
investigated in simulation section.

The best initial timing offset value τ† which gives the
smallest timing-mismatch-interference energy can be obtained
by

τ† = arg min
τ

{
∫ τmax

0

|x − τ | pτ (x) dx} (44)

where pτ (x) is the probability density function of the timing
offset τ and

τmax =
{

dmax,R, for RSS
dmax,D, for DSS.

(45)

It is reasonable to assume that the distances of SSs to the
BS are uniformly distributed. Then the timing offset dk,∗ is a
random variable with a uniform distribution in (0, τmax] and
the best initial timing offset value is given by

τ† = arg min
τ

{
∫ τmax

0

|x − τ |
τmax

dx} =
τmax

2
. (46)

Hence, the best initial timing offset estimates used in our
timing offset estimator are given by

τ (R) =
dmax,R

2
(47)

τ (D) =
dmax,D

2
. (48)

Note that the above assumption of the timing offset distribu-
tion does not affect our proposed method. A different timing
offset distribution may just give a different best initial timing
offset value to be used in the estimator. But the performance
of our proposed method is not sensitive to a different choice
of reasonable initial timing offset value.

V. COMPUTATION COMPLEXITY

The proposed ranging method includes three tasks: multi-
user ranging code detection, multi-user timing estimation and
power estimation. The BS applies multi-user ranging code
detection for the total Nc possible ranging codes which
needs MN

2 log2 N + (M + 1)γRNc complex multiplications
and MN log2 N + (MγR − 1)Nc complex additions. For
the iterative timing offset estimator with Nθ iterations and
N̂R detected ranging codes, the computation complexities are
(Ng+dmax,R)(N̂RγR+QDMγD)+NθN̂Rdmax,RMNg+M−
1 complex multiplications and (Ng + dmax,R)[N̂R(γR − 1) +

(QDγD −ND)M ]+NθN̂R[MNg(ND + N̂R)+dmax,R(Ng −
1)] complex additions. The power estimation requires N̂R

complex multiplications and N̂R complex additions.

VI. SIMULATION RESULTS AND DISCUSSION

A. Simulation Setup

The OFDMA system parameters are selected from [1]. The
uplink bandwidth is 3 MHz, the sub-carrier spacing is 1.67
KHz, and N = 2048. The ranging channel has 128 sub-
carriers over M = 2 symbol intervals. For the proposed
ranging signal structure, the parameters used are: γR = 8,
q = 1, QR = 16, ΔiM = 16 iM , and Nc = 32. We use
QPSK format for DSS, and set {Nk,D}ND

k=0 = γD = 64 and
QD = ND. The combined transmit and receive filter is a
raised-cosine filter gT (t) with a roll-off factor of 0.5. The SUI-
3 channel model with 3 paths [10] is used and the statistical
average total energy of all channel taps σ2

h is set to unity. The
channel impulse response for the i-th user is given by

hi(l) =
2∑

i=0

εi gT (lTs − τi − t0), l = 0, . . . , L − 1 (49)

where {εi} and {τi} are the gains and delays of the channel
paths, t0 is a time shift for causality, and 1/Ts is N times
the sub-carrier spacing. The number of sample-spaced channel
taps, L, is set to 7. Channels of different users are assumed
to be independent. We consider a cell radius of 5km which
gives the maximum transmission delay (round trip) dmax,R =
34μs = 102 samples. Ng is set to 128 samples satisfying the
condition dmax,R < Ng − L.

The timing requirement based on [1] is that all uplink
OFDM symbols should arrive at the BS within an accuracy
of ±25% of the minimum guard-interval or better. In [1], Ng

can be 1/4, 1/8, 1/16, or 1/32 of N , and hence, the timing
offset should be within ±16 samples. We set dmax,D = 32.
For comparison, we include the performance of the methods
from [2] and [4] which use the (frequency-domain) CDMA
ranging codes. For the method from [2], there are Nc = 32
pseudo-noise (PN) ranging codes with 106-bit length each and
a ranging signal is generated by modulating one of the ranging
codes on the sub-carriers of the ranging channel and repeating
it over M = 2 symbol intervals. The method from [4] uses 8
generalized chirp-like (GCL) codes with 105-bit length each,
and for each code, a total of 4 cyclic phase-shifted versions
can be introduced. Hence, the total ranging opportunities is
Nc = 4 × 8 = 32 which is consistent with the other two
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Fig. 4. The probability of detection false-alarm for several ranging code
detectors.

methods. In the simulation, the maximum number of RSSs in
one time slot, NR,max, is set to 15. We also include residual
normalized frequency offsets in the range of [−0.02, 0.02]
which are assumed to be iid for different SSs. The value of
noise power required in setting the detection threshold for the
proposed method is obtained by (28).

B. Simulation Results

1) Multi-User Detection Performance : Fig. 3 shows the
probability of correct detection (PCD) versus the number of
RSSs for the conditions of 0 DSS, 15 DSSs, and 30 DSSs in
one ranging time-slot. The PCD is defined as E[ Dc

NR
] where

Dc is the number of correct detection in one ranging time-
slot. From Fig. 3, it can be observed that all three methods are
robust to the data users’ interference and residual frequency
offsets. However, the reference methods’ PCD performances
degrade significantly as the number of RSSs increases (from
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Fig. 5. The probability of missed-detection for several ranging code detectors.

1.00 for NR = 1 down to 0.65 for NR = 15) while the
proposed method’s performance remains the same at PCD =
1.00. Hence, the proposed method achieves a better PCD

performance over the reference methods.
Fig. 4 shows the probability of detection false-alarm (PFA)

versus the number of RSSs for the conditions of 0 DSS, 15
DSSs, and 30 DSSs in one ranging time-slot. The PFA is
defined as E[ Da

Nc−NR
] where Da is the number of ranging

codes within one ranging time-slot which are detected at the
BS but are not transmitted from any RSSs. All methods are
robust to frequency offsets. The proposed method and the
method from [2] are robust to RSS interference and DSS
interference while PFA performance of the method from [4]
degrades as the number of RSSs increases. Proposed method
has a better PFA performance than both reference methods
under all conditions considered.

Fig. 5 shows the probability of missed detection (PMD)
versus the number of RSSs for the conditions of 0 DSS, 15
DSSs, and 30 DSSs in one ranging time-slot. The PMD is
defined as E[Dm

NR
] where Dm is the number of RSSs which

are transmitted by RSSs but are not detected at the BS. The
proposed method’s PMD performance is robust to the DSS
interference, RSS interference and frequency offsets while the
reference methods’ performances degrade as the number of
RSSs increases (from PMD = 0 at NR = 1 to PMD = 0.35
at NR = 15). Hence, the proposed method has a much
better performance than both reference methods, especially
in multiple RSSs conditions.

2) Power Estimation Performance: Fig. 6 shows the nor-
malized power estimation MSE defined as E[(1− P̂i

Pi
)2] versus

the number of RSSs for the conditions of 0 DSS, 15 DSSs,
and 30 DSSs in one ranging time-slot. Since there is no
power estimator provided in [2] and [4], only the proposed
method’s performances in the absence/presence of frequency
offsets are plotted. Power estimation performance is robust
to DSS interference and the number of RSSs in the absence
of frequency offsets. We observe that although the power
estimation performance degrades as the number of RSSs
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increases in the presence of frequency offsets, the performance
is still very good.

3) Timing Estimation Performance: Fig. 7 shows the stan-
dard deviation of the timing offset estimate versus the number
of RSSs for the conditions of 0 DSS, 15 DSSs, and 30 DSSs
in one ranging time-slot. In each simulation run, the true
timing offsets for RSSs and DSSs are taken randomly from
the interval [0, dmax,R] and [0, dmax,D], respectively.

From the figure, it is observed that all the three methods are
robust to the DSS interference and residual frequency offsets.
The performances of all timing estimators degrade as the
numbers of RSSs and DSSs increase but the proposed method
gives a much better performance, especially in multiple RSSs
condition. Furthermore, the proposed method satisfies the
timing requirement defined in [1] all the time while the two
reference methods satisfy the requirement only at small RSSs
conditions.

Fig. 8 shows the performances of the proposed timing
estimator with different numbers of itertions in the presence
of frequency offsets. Two iterations would be the best choice
since more iterations do not bring in a noticeable improve-
ment.
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Fig. 8. The performance of the proposed timing offset estimator with
different number of iterations (in the presence of frequency offsets and 15
DSSs).

VII. CONCLUSIONS

We have presented a new ranging signal design and a
new initial ranging method for OFDMA systems in multipath
fading channel environments. The proposed ranging signal
design is based on the orthogonality principle and the best
channel identification conditions. This orthogonal ranging sig-
nal design results in robust, high performance, low-complexity
multi-user ranging signal detection and power estimation. A
new iterative estimation of timing offsets for all ranging sub-
scriber stations is developed based on the proposed orthogonal
ranging signal design and the cyclic prefix redundancy. The
simulation results show that the new approach is more robust
to interference from other ranging/data subscriber stations
and multi-path fading channel effects and also has better
performance than the existing methods which use the CDMA-
type ranging codes in frequency-domain as defined in [2]
and [4]. Hence, the proposed approach would be useful in
enhancing the IEEE 802.16-2004 standard or developing other
OFDMA-based systems.

APPENDIX-A

In this Appendix, we present detailed steps in obtaining (29)
which is used in setting the detection threshold in the presence
of residual frequency offsets. Since residual frequency offsets
from different users are independent and unknown, in the
threshold design, a fixed common design value of residual
normalized frequency offset v (upper end of possible residual
frequency offset range) will be used. Then the received signal
sample at the BS becomes

y(n) = e
j2πnv

N

(
NR−1∑

i=0

yi,R(n) +
ND−1∑
u=0

yu,D(n) + w(n)

)
.

(50)
When the i-th ranging code is transmitted by an RSS (i.e.,
i ∈ IR), at the corresponding ranging code detector at the
BS, the variable Zi(k) for k ∈ Ji,R in (17), after decoupling
from other users, is given by
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Zi(k) =
1

NM

M−1�
m=0

N−1�
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��
�
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X
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�
� e

j2πqn
N

+
�

a∈IR, Ja,R �=Ji,R

�
l∈Ja,R

	
X
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e
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X
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(51)

where {W̄ (l)} are iid circularly symmetric complex Gaussian ran-
dom variable with zero mean and variance σ2

w/M .
Since residual frequency offsets are typically quite small, the inter-

carrier interference (ICI) from other users with different sub-carriers
will be very small and hence can be neglected. In other words, we
can consider only the different ranging signals with the same ranging

sub-carriers. Then for i ∈ IR and k ∈ Ji,R, we have

Zi(k) ≈ e
j2πNgv
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+ W̄ (k)

�
. (52)

When the i-th ranging code is not transmitted (i.e., i /∈ IR), we have,
at the i-th ranging code detector and for k ∈ Ji,R,

Zi(k) ≈ 1
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. (53)

For both cases of i ∈ IR and i /∈ IR, the statistics of Zi(k) for
k ∈ Ji,R depend on how many RSSs have transmitted on the same
sub-carriers within the same ranging time-slot. For determining the
detection threshold, we can adopt the scenarios where all M ranging
signals are present for the case of i ∈ IR and the (M − 1) ranging
signals other than the i-th ranging signal are present for the case
of i /∈ IR. These scenarios represent worst-case interference from
the sub-carriers in Ji,R and are chosen because we have already
neglected interference from DSSs. Under these scenarios, combining
(52) and (53) gives (54) for k ∈ Ji,R.

Then, similar to the case without frequency offsets, the σ2
i required

in the detection threshold is straight-forwardly obtained from (54) as
given in (29).

APPENDIX-B

This Appendix presents detailed steps in obtaining (43).
From (42), we just need to consider the following term
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|ȳ(m)

k,R (N − Ng + n)|2
]

+ E
[
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. (55)

Since Hk,R(l) and Hk,R(q) for l 	= q are approximately-
independent random variables with zero mean, we have
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Zi(k) ≈
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and
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(57)

Substituting (56) and (57) into (55), and then into (42) gives
(43).
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