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Abstract— In this paper, we propose a new cross-layer technique
that utilizes frequency-domain on-off accumulative transmission
(OOAT) in the physical layer to achieve collision-tolerance in
the media access control (MAC) layer. The frequency-domain
OOAT is developed for wideband systems operating in frequency-
selective fading channels. The available spectrum is divided into
a large number of orthogonal non-overlapping sub-channels. To
achieve collision tolerance, each symbol is transmitted over a
set of randomly chosen sub-channels to reduce the probability
of collision. Spreading the signal over the frequency-domain
also enables frequency diversity, and further improves system
performance. Performance of the proposed scheme is analyzed and
a performance bound, matched filter bound, is derived. Simulation
results show that the proposed scheme can support more active
users simultaneously than sub-channels, and it achieves a higher
spectral efficiency compared to conventional MAC schemes.

I. INTRODUCTION

In wireless communication networks, cross-layer design and
multi-user detection (MUD) are two crucial techniques to
ensure the quality of service (QoS) in high information rate
transmission, which are limited by the shared medium and the
fading of wireless channels [1].

Existing MUD techniques are often used with multi-
dimensional signals in the physical (PHY) layer, such as code-
division multiple access (CDMA) [2], orthogonal frequency
division multiplexing (OFDM) [4], and time-hopping ultra-wide
band (TH-UWB) [3] systems, all require that simultaneous
users are fewer than the degree-of-freedom of the physical
signal, e.g. the spreading gain of CDMA or the number of
sub-channels in OFDM. Cross-layer design can be performed
to combine MUD in the PHY layer with medium access
control (MAC) techniques to improve the spectrum efficiency
in wireless networks [5]-[10]. One of the most popular joint
PHY/MAC layer designs is multipacket reception (MPR) [7]-
[10], where a group of packets colliding in the MAC layer can
be detected with MUD in the PHY layer. However, most current
MPR techniques do not consider practical channel limitations,
such as frequency-selective fading, which limit their application
in wideband communications.

In this paper, we propose a new frequency-domain on-
off accumulative transmission (OOAT) scheme that achieves
collision-tolerant MAC with MUD in the PHY layer. The pro-
posed scheme is extended from a time-domain OOAT scheme
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in our previous work [11], which can only operate in frequency-
flat fading. In the frequency-domain OOAT, the channel is
divided into multiple orthogonal sub-channels with the help
of OFDM. Different from conventional OFDM, each symbol is
transmitted over multiple sub-channels in our scheme. Conse-
quently, the proposed scheme can not only deal with frequency-
selectivity of wideband wireless channels as OFDM, but also
exploit frequency diversity since each symbol is spread to
several sub-channels.

The frequency-domain OOAT scheme converts the relative
transmission delays among the users in the time domain into
phase shifts in the frequency domain, such that the sub-channels
from different users are perfectly aligned. This allows us
to carefully plan the on-off patterns employed by different
users to minimize the number of users colliding on each sub-
channel. Based on the OOAT signal structure, optimum and
sub-optimum MUDs are proposed, and an analytical matched
filter bound is derived to quantify the performance of the
proposed scheme.

II. FREQUENCY-DOMAIN OOAT
A. System Structure

Consider a wireless network with N spatially distributed
users transmitting to the same base station (BS) through a one-
hop transmission. To achieve collision tolerance in the MAC
layer, users employ the frequency-domain OOAT scheme in
the PHY layer as shown in Fig. 1. The data from wireless
users are divided into frames with K symbols in each frame.
The entire available bandwidth, B, is divided into K M sub-
channels, with a bandwidth By = % each. Each symbol uses
M sub-channels uniformly spread over the entire frequency

band. If sub-channels are indexed as 0,1,2,--- , KM — 1,

then the M sub-channels with indices, {mK + k}M_}, are
used for the transmission of the k-th symbol in the slot,
for kK = 0,---,K — 1. During each transmission, only R

randomly-chosen sub-channels from the M ones are occupied.
The indicator vector of the occupied sub-channels for the n-th
user can be represented by a binary vector of length M, p,, =
[Pn(0), -+, pn(M — 1)]T € BM*1 where B = {0, 1}, with
prn(m) = 1 if the k-th symbol is transmitted at the {mK + k}-
th sub-channel, and p,,(m) = 0 otherwise. Please note that all
symbols from the n-th user use the same transmission pattern
P». With such a scheme, each symbol is repeated over R sub-
channels (accumulative transmission), and the on-off pattern of
the sub-channels are determined by a binary vector p,, (on-off
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Fig. 1. A frequency-domain OOAT system with N = 5 users, R = 4 sub-
channels occupied out of M = 12 sub-channels for each symbol.
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transmission). In the example shown in Fig. 1, there are N =5
users, M = 12 available sub-channels per symbol, and R = 4
out of the 12 available sub-channels are occupied.

Based on the above description, the signal transmitted on the
m-th sub-channel of the n-th user can be represented as

dn(m) :pn(lm)snkmv (1)

where i,, = [%| with |a] being the largest integer smaller
than or equal to a, s, is the k-th symbol from user n, and
km = [m]k with [m]g = m — i, K being the modulo K
operator. Consequently, the signal vector of the n-th user for
OOAT can be expressed as

d,, = [dn(0),d, (1), ,dp (KM — 1)]T € SE¥L (2)

where L = KM and S = {S,0}, and S is the modulation
constellation set with a cardinality S = |S].

The signal vector, d,,, is converted to the time-domain by
applying an L-point inverse discrete Fourier transform (IDFT)
as

X, =F -d,, 3)

where x,, = [2,(0), 2, (1), -+ , 2, (L—1)]7 is the time-domain
signal vector, and F € CY*L is the L-point IDFT matrix with
the (r,c)-th element being

1 . TeC
[Fr.c \/Eexp [j271’ 7 ] , rc=0,1,

Before transmission, a length-u cyclic prefix (CP) is added
to the time-domain signal x,, to avoid interference between
consecutively transmitted frames. The value of p is chosen as
w > le+13—1, where [, is the length of the equivalent discrete-
time channel, and [; is the maximum relative transmission
delay among the users. The users are assumed to be quasi-
synchronous with {4 € [0, M).

The time-domain signal vectors from the N users are trans-
mitted to the BS through channels with the frequency-selective
fading, and the equivalent discrete-time signal at the BS can be
represented by

L 1.

ﬁhn(l)wn[i 1=l +20), @
where F is the energy per symbol, y(i) and z(i) are the
received sample and additive white Gaussian noise (AWGN)
at the ¢-th sample instant, respectively, [, is the relative

transmission delay of the n-th user, h,(l) is the equivalent
discrete-time channel impulse response (CIR) between the user
n and the BS. The discrete-time CIR includes the effects of
the transmit filter, the receive filter, and the physical wireless
channel. Due to the time span of the transmit and receive
filters, the CIR coefficients, h,(I), for [ =0,1,--- ,l. — 1, are
correlated, even though the underlying channel might undergo
uncorrelated scattering. The correlation coefficient, ¢(l1,l2) =
E [h,(11)h% (I2)], can be calculated as [12, eqn. (17)].

+oo
c(ly, lg):/ Rp,p,(1Ts — T)Rp. p, (12Ts — 7)G(7)dT, (5)

where T is the sampling period in the receiver, G(7) is the
power delay profile of the physical channel, and Rp, p,(t) is
the convolution of the transmit and receive filters.

After the removal of the CP, the received symbols can be
written in a matrix form as

E N
y:\/E;Hn-xﬁz, (©6)

where H,, € CE*L is a circulant channel matrix with the
first column being h, = [0} 7, (0), hp(1),-+ , An(lc —
1), O%ilnilc,]T, and 0, is a length-a all-zero vector.

The discrete Fourier transform (DFT) is applied to the vector
y to convert the signal to the frequency domain as

E N
e =\ 2_Gn dntz, (7
n=1

where y, = Ffy and z, = FHz are the frequency-domain
signal vector and AWGN vector, respectively, and G,, =
FZH,F is the frequency-domain channel matrix.

Since H,, is circulant, G,, is a diagonal matrix with the m-th
diagonal element being

exp [—j2mlem .
w Z hn (1) exp {—j27rle} .
®)

Even though the signals transmitted by the different users
are quasi-synchronous in the time domain, i.e., they might be
mis-aligned for up to M samples, the OFDM symbols from
different users are perfectly aligned in the frequency domain
as shown in (8) and Fig. 1. The relative delay, [,,, in the time
domain is converted to a phase shift, exp [— J 27rl"Lm], in the
frequency domain.

Gn(m) =

B. Collision Tolerance

With the frequency-domain system representation in (7), the
received information at the m-th sub-channel at the BS is the
superposition of the signals, d,,(m). The value of d,,(m) is 0 if
Pn(im) = 0. Therefore, only a subset of the users will collide
at the m-th sub-channel. Define the collision order at the m-th
sub-channel as N.(m) = 2521 Pn (im). The collision order of
the network is then defined as N. = max,, N.(m). We have
N, = 2 for the system shown in Fig. 1.
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The frequency-domain OOAT system can be equivalently
represented as an N -input R-output system similar to the time-
domain OOAT system [11]. In practice, to ensure collision
tolerance and system performance, it is desirable to have a
system with N, < R. Due to the perfect alignment of the users
in the frequency domain, we can carefully choose the on-off
patterns from the different users such that N, is minimized
given N, M and R, which can be performed by exhaustively
searching over the set of all the (Ig) possible patterns.

The frequency-domain OOAT scheme contributes to the
performance improvement of the wireless network from the
following perspectives. First, the on-off transmission across the
sub-channels will reduce the collision order. Second, the trans-
mission of R identical sub-symbols results in a R-dimensional
received signal in the frequency domain, which can be used
for the detection of the N.-dimensional signal in the space
domain. Third, frequency diversity is achieved by transmitting
the k-th symbol in R sub-channels with a fading coefficients of
{Gn(mK +k)}MZ!. Fourth, the OOAT signals from different
users are perfectly aligned in the frequency domain even if they
are not synchronous in the time domain, and this enables the
precise control of the collision order by carefully selecting the
transmission patterns for all the users.

III. OPTIMUM AND SUB-OPTIMUM DETECTIONS

Here we will discuss the detection of the frequency-domain
OOAT signals and develop an optimal and a sub-optimal
approach.

A. Optimum Detection

Since all the OFDM symbols are perfectly aligned in the
frequency domain as shown in Fig. 1, the k-th symbol from one
user will only interfere the k-th symbol from the other users.
This is different from the time-domain OOAT [11], where the
k-th symbol from one user might interfere the (k — 1)-th, k-th,
and the (k + 1)-th symbols from the other users due to the
signal mis-alignment in the time domain.

The perfect alignment among the symbols from all the
users in the frequency-domain OOAT determines the k-th
symbols from all the N users, {snx}2_;, can be jointly
detected by using a block of M received signal samples y, =
[ye(k), ,y.((M—1)K +k)]T € CM*1. The signal vector
Vi can be represented as

[E,
Yk = EGk - S + 2z, 9)

where s = [s1x, 82k, ,8snk)L € SNXL and z, =

[z, (), 2z, (M —1)K +k)]T € CM*! are the modulation
symbol vector and noise vector, respectively, and G, € CM*N
is the frequency-domain channel matrix with the (m + 1,7n)-th
element being p, (im ) Gr (im,)-

From (9), the optimum maximum likelihood detector is

[E,
Yk — EGI@SI@

2

S = argmin , (10)

speESN

where ||al| = vafa is the Ly-norm of the column vector a.

The optimum detector in (10) requires the exhaustive search
of a set of |S|" possible signal vectors. The complexity of the
optimum detector grows exponentially with the increase of the
modulation level |S| and the number of users V.

B. Suboptimum Detection

A low complexity sub-optimum detection algorithm is pre-
sented in this subsection to balance the trade-off between
the performance and complexity. The sub-optimum algorithm
is developed by employing an iterative soft-input soft-output
(SISO) equalizer, which performs soft successful interference
cancellation (SSIC) among the N symbols in s. In this paper,
the SISO block decision feedback equalizer (BDFE) [13] is
used as the SISO equalizer.

The soft-input to the SISO equalizer is the a priori prob-
ability of the symbols, P(s,r = S;), for n = 1,--- | N and
1,-+-,|S], where S; € S. The a priori information is
obtained from the previous detection round with an iterative
detection method, and details will be given later in this sub-
section. The soft-output of the equalizer is the a posteriori
probability of the symbols, P(s,; = Si|yx), forn=1,--- /N
and i = 1,---,|S|. With the soft-output at the equalizer,
define the a posteriori mean, 3,}, and the extrinsic information,
Bnk (i), of the symbol s, (k) as

s
§nk:Z P(sni = Silyx)S;
i=1

ﬂnk(i):10g P(Snk = S1|yk) — 10g P(Snk = Sz) (llb)

1 =

(11a)

The a posteriori mean, S5, is used as soft decisions for the
SSIC during the SISO-BDFE process. Details of the SISO-
BDFE detection can be found in [13].

In the proposed sub-optimum detection, the SISO-BDFE
with SSIC will be performed iteratively. At the first iteration,
the a priori probability is initialized to P(s,; = S;) = ﬁ
The extrinsic information at the output of the v-th iteration
will be used as the soft-input of the (v + 1)-th iteration as
P(spr = S;) = cnk exp|Bnk(i)], where ¢, is a normalization
constant to make ZZ.SZI P(spr = S;) = 1. At the final
iteration, hard decisions will be made based on the a posteriori
probability generated by the SISO-BDFE as

Sni = argmax P(spr = Si|yx)- (12)

s;€8
Simulation results show that the performance of the itera-
tive detection algorithm usually converges after 4 iterations.
The sub-optimum iterative detection algorithm can achieve a
performance that is very close to its optimum counterpart, but
with a much lower complexity.

C. Performance Analysis

The matched filter bound on the bit-error rate (BER) of the
proposed frequency-domain OOAT scheme with binary phase
shift keying (BPSK) is developed in this subsection. With the
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interference-free assumption, the received signal corresponding
to the k-th symbol of the n-th user can be written as

Es
Ynk = Egnk - Snk + Znk,

where yor = [y.(mK + k), - ,y.(nrK + k)T, gux =
[Gn(miK + k), - ,Gp(nrK + k)|T, and z,x = [z, (n1 K +
k), - ,z.(nrK + k)]T are length-R received sample vector,
channel coefficient vector, and noise vector corresponding to
Snk, respectively, with n, being the r-th non-zero position in
Pn.

The channel coefficient vector, gk, can be represented as

gnt = Bui - F7 . h,, (14)

13)

where h,, is the first column of the circulant time-domain
channel matrix H,,, and B,,;, € B®*” is a binary matrix, with
the (r,n, K +k+1)-th element being 1, forr =1,--- | R, and
all other elements of B,,;, are zero.

The auto-correlation matrix, R, = E[g,.x gfk], can then be
calculated as

R,; = B.,F¥R,,,FBY, (15)

where Ry, = E(h,,hfl) is the correlation matrix of the time-
domain fading vector. Ry, can be written as a block matrix
as

01, xt, O1,x1. Op,xi,
Rin=1| Oi.x1,, Rn Opx, |, (16)
0r.xt,  O1.x1. Or.xi,

where [, = L — 1, — l., and the (I1,l2)-th element of R, €
Clexle is ¢(ly,12) defined in (5).

The signal-to-noise ratio (SNR) of (13) can be written as
v = gfkgnk%o, where vy = fz is the SNR without fading,
with o2 being the noise variance. For systems with BPSK and
Rayleigh fading, the error probability for s, is [14]

Pu(E) = %/Oﬁ[u

r=1

/\T'VO
Rsin? 6

-1
] do,  (17)

where )\, is the r-th eigenvalue of R,,;;. The average BER can
then be calculated as

1 N K
P(E) = 57 nz::l I;Pnk(E).

IV. SIMULATION RESULTS

(18)

Simulation results are presented in this section to demon-
strate the performance of the frequency-domain OOAT scheme.
The simulation parameters are given in Table 1.

Fig. 2 shows the performance of the frequency-domain
OOAT under various system configurations. There are M = 12
sub-channels per symbol and each symbol is transmitted on
R = 4 sub-channels. The sub-optimum detection is performed
with 4 iterations. The frequency-selective fading is generated
with the Pedestrian A power delay profile [15]. The results
of the time-domain OOAT in quasi-static flat fading channel

TABLE I
SIMULATION PARAMETERS

Bit rate 3.6864 Mbps
Sub-channel number 1024
Sub-channel bandwidth 3.6 KHz

Symbol number in one frame 100

Time duration of prefix 27.127 us

Tx and Rx filter Root Raised Cosine
Roll-off factor 0.22
Modulation BPSK

Frequency selective fading ITU pedestrian channel A

—&—N = 16 (sub-optimal)
—+—N = 12 (sub-optimal)
—e—N = 8 (sub-optimal)
—+—N =8 (optimum)
===N =1 (lower bound) ||
=-© =N =1 (theory)

Bit Error Rate
>

10 15 20
E,/N, (dB)

Fig. 2. BER performance of a system with M = 12 sub-channels for one
symbol, R = 4 sub-channels occupied, and various number of users.

are also shown. The frequency-domain OOAT outperforms its
time-domain counterpart by 5 dB at BER = 2 x 1073 due to
the frequency diversity. For the frequency-domain OOAT, the
BER performances at N = 8 and 12 is almost identical to the
collision-free case with N = 1, for both the optimum and sub-
optimum detections. The matched filter bound overlaps with
the N = 1 results. When E;/Ny < 15 dB, the system with
N =16 achieves almost the same performance as N = 1, and
a 3 dB performance degradation is observed for NV = 16 when
Ey /Ny > 15 dB. Therefore, the proposed scheme can support
N > M simultaneous users over a large range of practical
Ey/Ny.

Fig. 3 demonstrates the impacts of the number of iterations
and the frequency diversity on the frame error rate (FER) per-
formance with N = 12. The results labeled with “consecutive
transmission” are obtained by transmitting each symbol over
M consecutive sub-channels. Uniformly spreading a symbol
across the entire bandwidth as in the proposed method will
result in a better frequency diversity than transmitting a symbol
over M consecutive sub-channels. As expected, the proposed
method has a 5.5 dB performance gain over the “consecutive
transmission” one at the FER = 2 x 10~! thanks to the extra
frequency diversity. For both schemes, the biggest performance
improvement is achieved at the second iteration. The improve-
ment gradually diminishes as the number of iteration increases,
and almost converges at the fourth iteration.
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Proposed

! Consecutive transmission

Frame Error Rate
=

—a— 1st iteration
—e—2nd iteration
—+—3rd iteration
= = -4th iteration

15 20

10
E,/N, (dB)

Fig. 3. FER performance of a system with N = 12 users, M = 12 sub-
channels for one symbol, and R = 4 sub-channels occupied.
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Fig. 4. Spectral efficiency v.s. number of users.

The last example compares the effective spectral efficiency
between the frequency-domain OOAT system with the slotted
ALOHA system. The spectral efficiency calculation is the same
as that in [11]. The Ej/Np for both systems is 20 dB. Both
systems have the same offered load per user defined by ]3—4
bps/Hz/user. The optimum spectral efficiency of the OOAT
system is significantly higher than that of the slotted ALOHA
system. For the OOAT system, it is observed that the optimum
spectral efficiency can be achieved when % ~ %, e.g., when
M =16, N = 24, the maximum spectral efficiency, max(,,,,)
= 1.35 bps/Hz, is achieved. It should be noted that M sub-
channels can support N > M users. For the slotted ALOHA
system, the optimum spectral efficiency is achieved when % ~
1, with a maximum spectral efficiency of max(7, .,,) = 0.38
bps/Hz. Therefore, under the same offered load per user, the
OOAT system can support more users and achieve a spectral
efficiency more than three times of that of the slotted ALOHA
system.

V. CONCLUSION

A frequency-domain OOAT scheme has been proposed for
the cross-layer collision-tolerant MAC operating in frequency-
selective fading channels. The collision-tolerance in the MAC
layer was achieved by spreading each symbol over multiple
orthogonal sub-channels in the frequency-domain in the PHY
layer. Optimum and sub-optimum detectors were proposed to
jointly recover the information from all the users at the BS,
and an analytical matched filter bound was derived based on the
structure of the proposed scheme. The frequency-domain OOAT
has two improvements over its time-domain counterparts, 1)
it can achieve frequency diversity; 2) it has better control of
the collision order with all the users perfectly aligned in the
frequency domain. The frequency-domain OOAT with M sub-
channels achieves the optimum spectral efficiency when there
are approximately N = %M users.
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