IEICE TRANS. FUNDAMENTALS, VOL.E91-A, NO.12 DECEMBER 2008

3723

| PAPER Special Section on Signal Design and its Application in Communications |

Multitone-Hopping CDMA Using Feedback-Controlled Hopping
Pattern for Decentralized Multiple Access
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SUMMARY  We propose multitone-hopping code-division multiple ac-
cess (MH-CDMA) using a feedback-controlled hopping pattern (FCHP)
(FCHP/MH-CDMA). In the FCHP/MH-CDMA, part of the filter coeffi-
cients of an adaptive finite-duration impulse response (FIR) filter receiver
are fed back to a transmitter, in which they are used as an updated hop-
ping pattern. Each chip of the updated hopping pattern consists of plural
tones. As a result, it is shown that the FCHP/MH-CDMA provides us with
an excellent asynchronous, decentralized multiple-access performance over
time-invariant multipath channels.

key words: CDMA, decentralized, asynchronous, multipath, feedback,
multitone

1. Introduction

The performance of asynchronous wireless communication
systems is deteriorated by intersymbol interference (IS) due
to multipath and multiple-access interference (MAI) [1]-
[4]. It is well-known that code-division multiple access
(CDMA) can suppress ISI and MAI, resulting in high signal-
to-interference plus noise ratio (SINR). The CDMA can
be categorized into direct-sequence CDMA (DS-CDMA) or
frequency-hopping CDMA (FH-CDMA).

The DS-CDMA can suppress ISI and MAI through the
process of despreading at the receiver. In addition, the DS-
CDMA can further improve the SINR by applying a com-
bining method such as RAKE and Pre-RAKE [1], [4], [5].
Another method for ISI and MAI suppression in DS-CDMA
is to apply adaptive filters [6]—[9], which can reduce ISI and
MALI without any explicit knowledge of channel-state infor-
mation.

Similarly, the FH-CDMA can suppress ISI and MAI
by choosing an appropriate hopping pattern. A hybrid of
DS- and FH-CDMA can also be applied to suppress ISI and
MAL

To greatly reduce ISI and MAI, feedback-based sys-
tems have been studied. For uplink of the asynchronous
DS-CDMA, a method in which a base station (BS) em-
ploys an adaptive filter at the receiver to produce an ana-
log pseudo-noise (PN) sequence, which is assigned to a new
user, was proposed [9]. The analog PN sequences can be
orthogonal to each other under arbitrary asynchronous con-
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ditions. For a synchronous DS-CDMA, an iterative con-
struction method that produces signature sequences using a
minimum mean-squared error (MMSE) filter was proposed
[10], which has been shown to produce a set of Welch bound
equality (WBE) sequences [11],[12], which minimize the
total squared cross-correlation. This method employs an
MMSE filter whose size is identical to the length of the
signature sequence. In contrast, we have proposed another
DS-CDMA using feedback-controlled spreading sequences
(FCSS/DS-CDMA) [13], [14]. In the FCSS/DS-CDMA, the
receiver employs an adaptive filter whose size is larger than
that of the signature sequence, and returns part of the filter
coefficients to the transmitter. It has been shown that this
method provides us with superior performance in terms of
bit-error rate (BER) over time-invariant multipath channels
to that of the method in [10].

In this paper, we propose multitone-hopping (MH)
CDMA using a feedback-controlled hopping pattern
(FCHP) (FCHP/MH-CDMA), which combines the FH-
CDMA with the FCSS/DS-CDMA, to enhance the improve-
ment of SINR. Each receiver of the FCHP/MH-CDMA
is composed of a time-frequency, 2-dimensional, adaptive
finite-duration impulse response (FIR) filter, whose size is
larger than that of the hopping pattern. The receiver returns
part of the filter coefficients to the transmitter. In this paper,
we mainly focus on the decentralized multiple-access per-
formance of the proposed CDMA over time-invariant multi-
path channels. Results are shown in comparison with those
for several conventional CDMA systems.

2. System Model
2.1 Transmitter

We assume a decentralized multiple access such as that in
wireless ad-hoc networks where no BS exists and all trans-
mitters asynchronously transmit their signals to the cor-
responding receivers, as illustrated in Fig. 1*. Therefore,
the received signal for decentralized multiple access can be
modeled as a sum of K signals that are independently trans-
mitted through different channels, as shown in Fig. 2, where
Tx; and Rx; (k = 1,2,---,K) are the transmitter and re-
ceiver for the kth signal, respectively. The transmitter and

*Although we assume asynchronous multiple access, synchro-
nization between the transmitter-and-receiver pair, which accom-
plishes an initial timing acquisition, is also assumed, as described
in Sect. 2.3.
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Fig.2  Asynchronous, decentralized feedback-based system.

receiver for the kth signal of the proposed system are shown
in Fig. 3.

The signature waveform cy(f) for the kth signal is given
by
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L
ct) = ) it = (1= DT.), (1)
=1
where ay (1) (0 < t < T,; T¢[s] is the chip duration) is the /th
chip waveform (I = 1,2, -+, L) for ¢,(¢), given by

M
ar(®) = g@®) Z DPrime’ ™, (2)

m=1

where j = V-1, prin. 1s the complex amplitude of the mth
tone of frequency &, [Hz] m = 1,2, -- , M) for the /th chip

of ci(¢). In this paper, we choose &, = ’”T—‘l In the above

Eq. (2), g() is a rectangular function defined as
1 O<t<T,)

9() = { 0 (otherwise). 3)

Let Py be an L X M matrix that contains py,, such that
Pkl Pk12 Prim
P21 Pk22  t Prkam

P = : : . : : )
PkL1  PkL2 Pk.LM

The matrix Py is the hopping pattern for the kth signal.
The kth signal transmitted by the transmitter Tx; is
given by

set) = ) dilm)ex(t = nT), 5)
n=0

where dy(n) = by(n)dy(n — 1) is a differentially encoded
complex symbol transmitted in n7Ty < t < (n + DT, (n =
0,1,--+), br(n) is a complex message symbol, and 7[s] is
the symbol duration (7y = LT.). In this paper, we assume
that by(n) is a quaternary phase-shift keying (QPSK) sym-
bol.

2.2 Channel

Let hy x(¢) be the impulse response of the channel through
which the k’th signal (" = 1,2,---, K) is transmitted from
Tx to the kth receiver Rx;, given by

vk
hye (1) = Z i g i0(t = Toe i) (6)
i=1
where Ay ;; is the complex gain constant for the ith path of
the channel, 7y 4; (0 < Tpi; < T) is the delay for the ith
path, and /- ; is the number of paths of the channel.
The received signal ri(¢) at the position of the kth re-
ceiver is given by

K
Pt = ) (50 (0) % o o) + 0) ()
k=1
K o Iyi
= Z Z Z hi kidi(m)ei(t — nTs — T i) + n(1),
k=1 n=0 i=1

®)
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where n(f) is an additive white Gaussian noise (AWGN)
with a double-sided power spectral density of Ny/2 [W/Hz].

2.3 Receiver

The receiver is composed of the adaptive FIR filter, which
has (L+ @) X M complex weights (0 < @ < L). Let Wy be an
(L + @) X M matrix that contains the complex weights wy
of the kth receiver.

Wk,1,1 Wk,1,2 Wik, 1,M
Wik2,1 W22 Wk 2,M
Wk, L,1 Wk, L2 Wik, LM
W, = )
Wr,L+1,1 Wk, L+1,2 Wi, L+1,M
Wr,L+2,1 Wk, L+2,2 Wi, L+2,M
L Wk, L+a,1 Wk, L+a,2 Wk, L+a,M ]

The weight matrix W, is updated by an adaptive algorithm.
In this paper, we adopt a normalized least-mean-square (N-
LMS) algorithm [6], which is one of less complex adapta-
tion algorithms, as an example.

For simplicity, we assume that the kth receiver is syn-
chronized with the first path of the desired signal si().
The kth receiver obtains discrete-time samples of every fre-
quency and chip from the received signal r(#). The mth
frequency component ry ,,, detected at t = nTs + IT, + Ty x
(I=1,2,---,L+ a),is given by

T s +HT e +Thp 1

Feam(n) = ri(De " dr (10)
nTs+(I-1)T, FTkk,1
nTx +lTC+T1<_ky| da(m-1)
= f r(He™ T dt. (11)
nTj +(l—1)TL FThk,1

We define an (L + @) X M matrix Ry(n) that contains the
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samples detected in nT + 1341 <t <nTs+(L+ )T+ Tii,
as follows:

Ri(n) =
[ () rr12(m) T, 1,m(1)
rr2,1(n) Ti2,2(n) Tr2.m(1)
r,,1(n) Ti,L2(n) Te,Lm(n)
e+ 1) rpn+ 1) rriu®m+1)
r2a(m+1) rpo(n+ 1) ream(n+ 1)
L rk,a,l(n + 1) rk,a,Z(n + 1) rk,a,M(n + 1) |

12)

In this paper, the matrix Ry(n) is called the received signal
matrix for the kth receiver.
The FIR filter output di(n) can be represented as

di(n) = t[W{ (m)Re(m)], 13)

where the superscript 7 denotes the complex conjugate and
transpose of the matrix, and tr[ - ] denotes the trace of the
matrix. To recover the message symbol by(n), the receiver
determines the sign for the real and imaginary parts of di(n),
such that

di(n) = sgn[Re[di(m)]] + jsgn[Im[dy(n)]], (14)

where sgn[ - ] is the signum function, Re[ - ] is the real part
of the complex value, and Im[ - ] is the imaginary part of
the complex value. Using di(n), the estimate by(n) of the
complex message symbol by(n) is given by

bi(n) =dy(n)d;(n — 1)
=(sgn[Re[di(n)]] + jsgn[Im[dy(n)]])

x (sgn[Re[di(n — 1)]] — jsgn[Im[dx(n — 1)]]),
(16)

15)
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where the superscript * denotes the complex conjugate.
The weight matrix Wy(n) is updated as follows:

Wi(n+1) = Wi(n) + Ri(n)ey(n), a7

_H
IR (m)IIF

where u is the step size parameter, ||[Ri(n)|[r denotes the
Frobenius norm of the received signal matrix Ry(n) defined
as

L+a M

D iream P, (18)

=1 m=1

IR (n)lle =

and e (n) is
ex(n) = di(n) — t[W{ (m)Ri(n)]. (19)

In this paper, the initial value W;(0) of the weight
matrix Wy(n) for the kth receiver is chosen to be a set of
weights that consists of the corresponding initial hopping
pattern P;(0) and the zero matrix 0,4y of size @ X M, that
is,

Wi(0) = [P (0) 0g,p1", (20)
where the superscript 7 denotes the transpose of the matrix.

2.4 Feedback

Part of the FIR filter weights of the kth receiver are fed back
to the corresponding kth transmitter, in which they are used
as an updated version of the hopping pattern P;. In this
paper, no delay time and no error for the feedback are as-
sumed’. Therefore, the hopping pattern P;(1) updated at
t=AT+ A +aTe+1pp1 (A=1,2,---,Ny; Ny is the num-
ber of iterations of the feedback, T is the feedback time
interval, Ay is the preassigned offset of the feedback timing
(0 < Ay < Ty)) is represented as

Pk1,1 Pk12 Pk1.M
.| P21 Pk22 o Pk
P = . . . ) 21
PkL1  PkL2 Plk.L.M
Wi, () wia (k) -+ wir m(fk)
We2,1 () wroo(fe) -+ wrom (i)
= , (22)
W1 () wep2(e) -+ wirm(fy)

where iy £ (AT + Ax + oTc + Tix1)/Ts] (Lg] is the maxi-
mum positive integer less than or equal to g). Note that the
hopping patten P;(1) given by (22) corresponds to the upper
L rows of the weight matrix Wy given by (9). In this pa-
per, Ay (k = 1,2,---, K) are chosen to be independent and
uniformly distributed random variables in [0, 7). The FIR
filter receiver produces the filter weights that are the MMSE
solution to the reference di(n). As a result, the FIR filter
receiver obtains the minimum IST and MALI for the present
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received signals. The feedback changes the transmitting sig-
nal, and then the FIR filter receiver produces the other filter
weights that are another MMSE solution to the reference
dy(n). By repeating the feedback, the converged hopping
pattern achieves a small BER.

It is known that the RAKE receiver is a receiver that
detects the sum of the outputs of a correlator bank, which
has time-shifted, weighted despreading sequences'’. There-
fore, the RAKE receiver can basically be represented by
an equivalent single correlator using the sum-vector of the
above-mentioned sequences (the time-shifted, weighted de-
spreading sequences). The weights of the proposed receiver
are similar to such a sum-vector of despreading sequences.
Since the proposed receiver itself behaves like a RAKE re-
ceiver, the proposed system does not require explicit RAKE
combining. The main difference between them is that the
proposed receiver works to produce weights that obtain the
highest SINR, whereas the RAKE receiver basically works
to obtain the highest signal-to-noise ratio (SNR) using the
MRC. This means that the RAKE receiver collects the de-
sired signal’s components to enhance SNR, but also collects
both the MAI and ISI components, which significantly influ-
ence the total SINR. Furthermore, the proposed system con-
tains a feedback mechanism, which changes the transmitted
signal, whereby the received signal is changed into an in-
herently better signal, which results in small MAI and ISI
components at the receiver filter output, in a self-organized
fashion.

3. Performance Evaluation

3.1 Specifications

3.1.1 Initial Hopping Pattern

We define the initial hopping pattern P;(0) of L = 7 and

M = 8 using an FH code, proposed by Einarsson [15], and
M Gold sequences of length L. The FH code yy is given by

Ve =x By 1 (23)
=lyk1 w2 -+ el (24)
where B = [8° B! --- L7117, B is a primitive element of

GF(M = 23), x,yx € GF(2%), 1 is the all-one column vector
of length L, and & and - are addition and multiplication over
GF(2%), respectively. The values of x; and y; for the kth
signal are chosen such that (k — 1) = vy, M + x;. Let V be an
L x M matrix whose (I, m)th element vy, is

m=y+1)

1
”m‘b)m¢m+n @

"The assumption “no delay time (for the feedback)” is irrele-
vant to the BER performance under the condition that the channel
is time-invariant as we assume, and the assumption “no error for
the feedback”™ often requires techniques such as error control cod-
ing and automatic repeat request (ARQ) in realistic applications.

T Typically, the maximal-ratio combining (MRC) weights are
employed.
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We define the set of M diagonal matrices Zg, Z1, - -+, Zy-1,
each of which contains one of the M Gold sequences in its
main diagonal. The initial hopping pattern P (0) for the kth
signal is expressed using Z,, and V as follows:

P.(0) =7,V (26)
Example (for k = 2):

y2=[1 2 4 3 6 7 5" 27)
(01 .0 0 00 0 0]
001000GO0O0
000O0T1O0TO0O0

V,={0 0 0 1 00 00 (28)
000O0O0OT O
000O0O0O0TO0°1
L0000 0 1 0 0]

+ 0 0 0 0 0 0]
0+ 00 0 0 0
00 - 00 00

Z.,.,=| 0 0 0 + 0 0 0 (29)
000 0 + 00
0000 0 + 0
L0 0000 0 —

Py(0) = Z,,-1 V2 (30)
0+ 0 0 0 0 0 0]
00+ 00 0 0 O
0000 — 0 0 0
=0 0 0 + 0 0 0 0 (31)
00000 0 + 0
00000 0 0 +
00000 — 0 0]

3.1.2  Multipath Model

To evaluate the performance of the proposed system, we
assume a six-path model (i.e., Iy, = 6 for all indices of
k’ and k) that has a delay profile of exponential decay, as
shown in Fig. 4, where the relative intensities of |l x| are
201og (e kistl/ Mg gil) = =3dB (@ = 1,2, , [px — 1),
the path delays Tpx; are Ty kit — Toki = 55T (v T

e e
|h ejek k2
|h |ej9k‘k3
f ejek k4

Ist path *lh
2nd path jOr k5
3rdp\th Alhk /<5|eJ
4th pdth Ok k6
5th path A |h ’_ky(,le
I 6th pdlh
t

Tkik.l >

kk()

Fig.4  Path model.
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for L = 7), and 7y 4 (for all k¥ and k) and 6 4 ; (for all &,
k, and i) are mutually statistically independent, uniformly
distributed random variables in the intervals of [0, T) and
[0, 2r), respectively. Note that although we assume an iden-
tical amplitude decay of —3 dB for all £’ and & for simplicity,
Tw k1 and Oy ;. ; are chosen to be independent for all k', k, and
i. This causes extremely severe channel conditions for mul-
tiple access.

3.1.3  Other Specifications

The proposed system requires an initial training period dur-
ing which the receiver returns part of the filter weights to the
corresponding transmitter to construct a suitable hopping
pattern for the current channel state. In this paper, we define
the initial training period as t < (Ny + 1)Ty + Ag + 74,1, and
discuss the BER performance in the steady period, which is
defined as the period after the initial training period, that is,
t > (Ny+ DTy + Ay + 1 p1. In the steady period, only the
updating of filter weights is performed at the receiver (i.e.,
no feedback). We assume that the reference d;(n) used for
the update of the filter weights is di(n) = di(n) during the
initial training period, which implies that the receiver has
prior knowledge of the pilot data symbols used for the initial
training. The demodulated di(n) can also be used for the up-
date of the filter weights such as in [14], so that the overhead
(or pilot data symbols) for running the proposed system be-
comes small. Since the BER performance slightly depends
on the randomly chosen values of 7y 4 and 6y 4 ;, all plots
show the average BER of five simulation trials. Other com-
mon specifications are listed in Table 1.

3.2 Simulation Results
3.2.1 Decentralized Multiple-Access Performance

We evaluate the BER performance of the proposed system
in comparison with the conventional DS-CDMA using Gold
sequences with the matched filter (MF) with/without the
RAKE combining method (six-finger maximal-ratio com-
bining), and the FCSS/DS-CDMAT.

Figure 5 shows the characteristics of BER vs. the num-
ber of active signals K. It can be seen from Fig. 5 that the
BER of the conventional DS-CDMA rapidly increases with
the number of active signals K, even though the RAKE com-
bining is employed, because the RAKE receiver collects the
MALI and ISI components in addition to the desired signal’s
components, as was elaborated in Sect.2.4. On the other
hand, the degradation of the BER of the proposed system
(@ =7, Ny = 10) is the most gradual with the increase in
K. This indicates that the feedback mechanism of the pro-
posed system, which yields inherently better received signal
for each receiver as was elaborated in Sect. 2.4, effectively

"Throughput is also an important figure. The main factor
that influences the throughput in the proposed system is the re-
quired number of data bits for the feedback, which is discussed in
Sect.3.2.
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Table1l Common specifications.
Proposed system | FCSS/DS-CDMA [ DS-CDMA (MF, RAKE)
Data Differentially encoded QPSK
Ey/No 9.9dB
L 7 31
a 0,7 0,31 | -
M 8 1
Tr 1077, -
Ny 0, 10 -
Ak Uniform distribution in [0, Ty) -
Adaptive algorithm N-LMS (1 =0.1) -
0
10 : : : : ‘ : 10 : : - :
- — = N=0 DS-CDMA (MF) DS-CDMA (MF) :
‘ i DS-CDMA (RAKE) DTSR S o ?s-vch ERéKE)%
: _Le-T "’_f<f:7,_g ::i’*‘ﬂ*—ﬂ~~g—-—g———a——[+ —& — g
-1 -7 -7 -1 N
10" LA LT 10 o=
K P i .
. . L g < L
il [ FCSS/DS-CDMA (¢ =31) =~ : R S
% 10 2 - L % 10 2 FCSS/DS-CDMA (o = 31) T ki
22 r 22 :
8 g
= =] DEQPSK theory (AWGN),
M 3 7 sa} -3 |
Ea 10 k| a 10 tProposed systém (o =0 p= o)
N Proposed-system (et =7)
4 4
10 ¢ 10
; Proposed system (0= 7)
. ™ Proposed $yteri (o = 0) s "
10 : 10

1 5 10 15 20 25 30 32
Number of Active Signals, K

Fig.5  Asynchronous, decentralized multiple-access performance (pro-
posed system (o =0, 7, Ny = 0,10, Ty = 104TS) vs. several conventional
systems).

works and improves the total SINR at all the receivers in a
self-organized fashion. As a result, significant improvement
in BER can be obtained, particularly for a large number of
active signals, as shown in Fig. 5.

Figure 6 shows the characteristics of BER vs. E,/N,
for K = 32. It can be observed that the proposed system
(@ =7,Ny = 10) results in a 3dB gain at BER = 107 rela-
tive to the FCSS/DS-CDMA (a = 31, Ny = 10). To discuss
the effectiveness of the proposed system for limited feed-
back channels, we consider the influence of quantization by
which the required number of data bits for the feedback is
changed. We assume a uniform quantization [14]. Let p be
the number of quantization bits per real or imaginary part
per chip per frequency. Therefore, the total number of data
bits required for one feedback can be represented as 20LM.
It is observed from Fig. 6 that p = 6 is sufficient to achieve
good BER performance comparable to p = co. This means
that the proposed system is effective for limited feedback
channels.

Examples of the initial hopping pattern, the converged
hopping pattern, and their power spectra are shown in Fig. 7,
where tone levels py;,, are represented by their absolute val-
ues |prm|- Although every chip of the initial hopping pat-
tern contains a single tone, it can be seen from Fig. 7(c) that

8 10 12 14 16 18 20
E/N, [dB]

Fig.6  BER characteristic for K = 32 (¢« = 0,7, Ny = 0,10, Ty =
10*Ty).

the converged hopping pattern contains multiple tones.
3.2.2  Uplink Performance

Here, we assume uplink multiple access. This can be re-
garded as a special case of the decentralized multiple ac-
cess in which all the receivers are positioned at the same
location such as at a BS. In other words, the impulse re-
sponse functions hy «(f), given by (6), are identical for all k
(k=1,2,---,K), that is, hk/yl(l‘) = hk/yz(l‘) == hk/’[((l‘)(é
hy (1)), as shown in Fig.8. Note that for asynchronous,
decentralized multiple access, K> impulse responses were
needed to be considered in a system, as was shown in Fig. 2.
On the other hand, only K impulse responses are needed
for asynchronous uplink multiple access. Therefore, since a
fewer number of unknown variables implies a better conver-
gence of a system in general, it is expected that the asyn-
chronous uplink multiple-access performance of the pro-
posed system is better than the asynchronous, decentralized
multiple-access performance.

Figure 9 shows the uplink BER performance as a func-
tion of the number of active signals. It can be observed that
the proposed system gives an excellent uplink performance.
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Asynchronous uplink performance (proposed system (o = 0,7,
Ny=0,10,Tf = 10*T,) vs. several conventional systems).
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4. Conclusion

In this paper, an FCHP/MH-CDMA was proposed, and
decentralized multiple-access performance and uplink per-
formance were evaluated. It has been shown that the
FCHP/MH-CDMA provides us with an excellent BER per-
formance. The FCHP/MH-CDMA is a promising candidate
for spectrum-agile technologies.
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