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Abstract

We analyze the effect of spectral mismatches
on the performance of a cognitive spread
spectrum (SS) system called the transform
domain system (TDCS),
which uses a multicarrier based complex

communication

spreading sequence. As the locations of the
carriers are estimated spectrum holes, the
system performance depends heavily on the
spectrum sensing accuracy.

This report analyzes the effect of discrete

spectrum estimation errors on one or both
sides of such a TDCS link. The discrete
spectrum estimation is carried out in a
per-channel detection manner, i.e., both sides
independently determine which subcarriers
(channels) within the SS band are available.
Our analysis indicates that an irreducible error
floor arises due to spectrum estimation errors.
As expected, the bit probability

performance improves and the error floor is

error

reduced when the probability of single
subcarrier detection error p decreases and/or
the number of subcarriers increases. We also
find that the system performance is more
sensitive to the
transmitter's spectrum estimation error.

receiver's than to the

Keywords: cognitive radio, TDCS, spectrum sensing

1. Introduction

Current spectrum management policy follows
a fixed band (channel) assignment scheme
which results in inefficient spectrum usage. It
was observed [2] that on the average only two
percent of the allocated spectrum is actually in
use at any given moment and location.
Cognitive radio (CR) which allows distributed
dynamic usage was
proposed to remedy such a shortcoming in
Based on the CR
concept, Chakravarthy et al. [2] proposed a

spectrum therefore

spectrum management.



dynamic modified direct-sequence spread
spectrum (DS-SS) system to which they
referred as adaptive waveform communication
system (AWCS). Since the spreading
sequence of AWCS is synthesized in the
transform domain, the system is also called
transform domain communication system
(TDCS).

The basic idea behind TDCS
generate a spreading sequence
spectrum avoids existing users or jammers
within the SS band. The spectrum conditions
at transmitter and receiver are independently
estimated at both sides. If the spectrum seen
(or measured) by transmitter is different from
that seen at receiver, the mismatch between
two spreading sequence spectra will cause
performance  degradation [3].  Spectra
mismatches arise because of geographic
separation and/or spectrum estimation errors,
i.e., either the ““true" spectrum represented at
two sides are different or the estimated spectra
are different although the spectrum
representation are the same. In this report, we
analyze the effect of spectrum estimation error
induced spectrum mismatches on the symbol
error rate (SER) performance in additive white
Gaussian noise (AWGN) and Rayleigh fading
channels, respectively.

is to
whose

The rest of this report is organized as
followed. Section Il gives an overview of the
TDCS technique. The detailed description can
be found in [1]. Performance analysis of
BPSK-TDCS in AWGN channels and related
simulation results are presented in Section I1I.
We then extend our investigation to the case
of arbitrary amplitude/phase modulation in
AWGN and Rayleigh fading channels. The
last section provides conclusion and suggest

some future research works.

Il. An introduction to TDCS

The basic idea behind TDCS
produce a so-called time-domain fundamental
modulation waveform (FMW) or a complex
spreading sequence which avoids existing
users or jammers by dynamically selecting the
subcarriers used over a given bandwidth. A
block diagram of the TDCS transmitter is
illustrated in Fig. 1. The transmitter partitions
the signal band into N equal-spaced subbands
(tones) and performs spectrum estimation to
determine which subbands are being used.
The spectrum estimator output is an
N-dimensional binary vector

A= (AW), AW, AW, ) with

A(w)=1 or 0 depending on whether the i-th
subband is available (1) or not (0). The
subscript x will be Tx or Rc to denote if the
vector is associated with the transmitter (Tx)
or the receiver (Rc). The binary vector A,

is to

is multiplied element-wise by a user-specific
random vector e™ and scaled by constant
factor before being inverse discrete Fourier
transformed to produce the time-domain FMW.
The multiplication of the random vector is to
make the FMW noise-like and to provide the
multiple access capability. The FMW is used
to spread (or as a carrier of) the binary phase
shift keying (BPSK) or cyclic code shift
keying (CCSK) modulated data sequence.

Although TDCS seems to be similar to
an OFDM or a muticarrier OFDM system,
there are several distinctions between the them.
For example, in an OFDM system the number
of subcarriers (subbands) is fixed while the
number of subbands used in TDCS is
dependent on the need or the environment. A



detailed comparison can be found in [1].
When the only channel impairment is AWGN,
a BPSK-modulated TDCS system with perfect
spectrum estimation and matches on both

sides of the link yields bit error probability
P, given by

P, =Q( ZNEJ 1)

where Q(\/;)E —fef7dy

I11. Performance Analysis of BPSK-TDCS
in AWGN

As defined in Section Il, A, , Ag.are
the binary-valued random variables that
represent the transmitter's and the receiver's
spectrum estimators outputs. A, (w) =1
means the transmitter believes w is available
while A, (w) =0 implies otherwise. Similar

interpretation is attached to A .

Depending on the geographic distribution
of wireless network users, the true spectra
seen from both sides can be identical or
different and spectrum mismatches might still
arise even if the spectral estimations at both
sides are error-free. We refer to such spectra
mismatches as network geography induced
spectra mismatches.

Mismatches are most likely to occur
when the distance between two sides of the
link is large. To simplify our analysis we
define the true spectrum as such that no
existing user is interfered by the transmitted
signal and the received waveform is not
interfered by any existing user if error-free
spectrum estimates are available on both sides

of the link. The true spectrum represented by
the binary-valued N-dimensional vector

A=(AW,),AW,),...,A(W,,)), where N is the

size of inverse discrete fourier transform
(IDFT), is thus related to the error-free

. 0 0 .
spectrum estimates A, and Ay, Vvia

A:A$X /\A‘éc, where Adenotes component-

wise logical “and” operation.
Example: Network geography induced
spectra mismatch

Suppose the spectral estimations at both
sides of a 4-channel (N = 4) link are error-free
and Arx = (0,1,1,0) and Ag. = (0,1,1,0). The
mismatch arises from the fact that the
transmitter-centered geographic locations and
distances of the existing spectrum users are
different from the receiver-centered ones.
There is a primary user using the first channel
whose location is very close to the transmitter
but is far away from the receiver. On the other
hand, someone near the receiver is using
channel two but it is far away from the
transmitter. For this case, the true spectrum is
given by A=(0,0,1,0).

We shall assume that A(w;)=0 with
probability 1 - Ps and A(w;)=1 with
probability Ps,. Define two complementary
sets of subbands (channels)

G, ={w, | A(w,)=0,0<i<N-1}

G,=1{w, |Aw,)=1,0<i<N-1}.

G, contains all subbands that are currently in
use and G, is the set of available (unused)
subbands. Let| G, |= N, be the cardinality of
G,,then |G, =N —-N,.

Obviously, eight possible scenarios may



occur, as listed in Table 1. For Cases 1, and 3,
interference from existing users is present. In
Cases 1 and 5, (additional) noise within the
subband w will be received. The received
signal energy is reduced in Cases 2 and 6. If
the spectrum estimation is performed in a
per-channel manner and each channel is
independently used, then it is reasonable to
assume that the following four probabilities,
Po = Pr(Ay, (w) =1 A(w) =1)

Pa = Pr(Ay, (w) =0 A(w) = 0)

Pro = Pr(Ag (W) =1 A(w) =1)

Po = Pr(Ag. (W) = 0] A(w) = 0)

and their complementary probabilities are
independent of w,. These assumptions imply

that Ais binomial distributed with parameter
Psa and furthermore, A,  and Ay, are

obtained by modifying A basedon P,, P,

P,,and P, respectively.

To begin with, we consider the case Pg, =
0.5. It can be proved that in a AWGN channel
with one-sided power spectral density of Ny
W/Hz, the bit error rate (BER) expression is
given by (2) shown in the last page of this
report where we assume that each
(independent) incorrectly estimated subband
cause additional interference that s
represented by a zero-mean Gaussian random
variable with identical variance N,/2.
Furthermore, the error floor is given by

N41
f@—(ﬂ (1= FuPo+ Bt P - PuPa )
A. Perfect spectral estimation at the
transmitter side

If P,=P, =1, ie,
spectral estimation is perfect, then the bit error
rate becomes

the transmitter's

Ny N-N,

n-2 3 (33 ()

Ni=01i=0 =0

iy N i (N =N\ von, S
Py(1 = Pg)™ ( ,- ‘)ft‘l ML= Py

Q ‘ 2E(x7) )
) \ No (l - mi.xi;.l:u) + ,ll,,xi,-_l-. Ni

When E, — oo, every terms on the right hand

side of the above equation except for the term
corresponding to i = 0 approach zero and the
corresponding error floor becomes

N
rz_,-_%(l_f?’)'”) (5)

This implies that the error floor depends on
P, and N only.

Note that if the case N, =0, i.e., the
transmitter knows that no subband is available
but the receiver does not, can somehow be
avoided, e.g., the transmitter sends a special
tone to the receiver whenever it detects the
“'no vacancy" condition, then the error floor
becomes

]- P:'ll N ]-
5(@“?)‘?) ©

B. Perfect spectral

receiver side
When P,, =P, =1 the BER is given by

) ()

pY-M-i(1 - pyy

estimation at the

Ny N-Ny

- B3 ()G

0 i=0 j=0

N-—N
(1= PN ( o
J

o | 2ot 0
V\'..(I + =)

The error floor expression can be obtained by
substituting P, by B, in (5). Similarly,

— " bO| —

when N, =0, the receiver should notify the
transmitter to stop sending signal. If this is

feasible the error floor is obtained by
replacing P, with B, in (6).



C. Spectral estimation match at both sides
In case the transmitter and receiver can
somehow exchange their spectral estimates
then

N Ny N=N;, i i

D 3530 3 5D SN (W R )

Ny=0i=0 j=0 fky=01I, Oy 41,0
N . N-N Nt
( _[)P;“[l—)r,“;_:l'\l J( ) l)Pf'}_'\I_I{l —Prl_:"f
L J
(;T )an“ Pg)—h (;)[TJ I.‘{] Pyt
v] 1

2E,
(g( [ — ! ) (8)
\" No+ max(ky |Jl_1|'\;

N
G =1 (—) (1= PoPio+ Piy + (1 = Py)Py)N

D. Discussion

The BER performance difference
between Case A (N, could be zero) and Case
B (N, #0) if one side of the link has perfect
spectrum hole information is (0.5)"**, which
is small when N is large. That is, both cases

yield similar bit error rate if N is large.

To investigate the sensitivities of spectral
estimation error at both sides, we compare (4)
and (7) and assume that P, =P, =P, and
Py =PFo =Peo-

N N, N-N,

e SEE )

Ny=0i=0 j=0

‘ N_N R,
Py(1 — Py ( , ')f’ﬂ MRS O

where

2E),

- ( | e
2, (

)

Q
(J .\-n (1 T max(i.1)

N
_ <0 (10)
) + J||-'.:\'J;.;_|'I '\-‘r

This result has been expected due to the

existence of interference and it can be proved
that f,= 0 when there is no interference.

Hence, the spectral estimation at receive side

is more important than that at transmit side

E. Simulation results

In this section,
simulation of the performance of TDCS
agrees with (2) for different cases. The size of
IDFT N is set equal to 8.

we show that the

Example 2: The effect of P, .
The effect of B, is illustrated in Fig. 2. The
parameters are set as followed: P, =0.5,
S 20 8.

|
obvious that the simulation result is almost

identical to what has been predicted by
analysis.

P,=0.7, P, =04 and It is

Example 3: The effect of P, and P,.

Fig. 3 plots the simulated performance with
varying P, and P,. Again, our analytic
result is validated by computer simulation.
The other parameter values used are: P,,=0.9,

R,=0.5 andE:O dB. Notice that the values

of P, and P, imply

1, withP,,
0, withP,, =1-P,,

ARC(W):{ 1
i.e.,, it is determined by receiver without
considering the environment. It is a good
strategy to always assign A(w) =1 without
estimating the spectrum at the receive side.

Example 4: The effect of P,

The effect of P, is plotted in Fig. 4. We can
see that they are almost identical. The
parameter values used are:
E =0 dB. An

|
interesting observation is that the BER curves
have different points  for

P, =P,=P, =0.9 and

r

Cross-over



different P,. This is due to the fact that only

j=N =N, has nonzero value in (2) if P,=0.

Since j=N-N,, I, =0. This implies it is
possible that the interference is smaller than

. : E .
that in other cases at high N—b To illustrate
0

this argument, consider Fig. 5. where it is

E
assumed that P, =P, =1, and —>=0 dB.
|
When P, =0.7, the interference is more
serious and centered at higher |, than that in
P,=0.9. For P,=0, it is possible to reduce
interference at cost of E,, which can be

expected by noticing

NN,

-r 2 (W)

Ni=0 I1=0

N -—-N Y .
( ! I)f’rl"\"“u ~Py)"f (1)
1

where
2By (i )
Cc) (:u\l.\[.\.l]\:J . j):] — ()
max( Ny IFJ_.IJ‘:.'F

f= —
(2 “P‘{‘(m-nxt.\'].ll) [_)_ . I
T_nh N, | 8T
max(Ny,1)°

V. Amplitude/Phase modulations in AWGN
and Rayleigh channels
With the same notation in Section 111, the SER

in AWGN for coherent demodulation is given
by (12) shown in the last page, where P, is

summarized in Table 1.

TABLE II
Fs INAWGN
Fe(x) Modulation Ty pe
Q(2/x) BPSK
L—[1 - Q(va)? QPSK
1 (M ;rl. yr _sin2(r/M)z;
Lo ™ exp[pa—lde MPSK
e (/7 MPAM
2(+/M—1) —y— 2
1—(1- Mg (V55 ) MQAM
The error floor becomes
Py =C [Pyu(l — PoPo)+
(1~ Pu)(Pa + Py — P Poy)" (13)

where C is a parameter depending on

modulation type. The exact value of C is
tabulated in Table I11.

TABLE II1
C'IN AWGN CHANNEL

= Modulation Type
é BPSK
1 QPSK
M= 1 MPSK
M MPAM
4 —_— 2
{1 VM1
1 ( 1 Navi ) MM

For the flat Rayleigh fading channel, the
average probability of symbol error is

P, = [J% Pu(x)p,. (2)dz

where P,(x) is the probability of symbol
error in AWGN with SNR =x,

i
Ts

and rs is the average SNR per symbol. From
[4], the average probability of symbol error is
almost the same as (12) except for P,. The

modified P, is given in Table IV shown in
the last page, wheregpg, = sinztﬁj. Notice

that coherence here means the receiver has
perfect channel state information (CSI), e.g.,
the amplitude attenuation, phase influence,
and delay time are known at receiver.

Extending our analysis to other fading
channels is straightforward. For example, if
the channel is a Nakagami-m channel, the

symbol error rates for M-PAM signal can be
obtained by substituting P,(x) with

Py(x) = (MM 1) ll ‘“?:g (2;) (l jﬁﬂ

for m is integer and x = (3x/[m(M?1)+3x])"2

On the other hand, if m is not an integer, then




oda/m(M?2 —1)

M |
Py(x) = —_ - Y 5 3
M -1 VT _l::u[_”” — 1)+ 3x)/m(M? - |:II”'_"’J
) | m[_Uz -1)
aF 1. + =3 +l——
2 ( " 2 " m(M2 — 1) + .'{.r)

where 77 -) is gamma function and ,Fi(a,b;c;d)
is the Gauss hypergeometric function.

- 1
I(m+ 3)

Cim +1)

V1. Conclusion

CR has attracted much interest because
of its potential to greatly enhance the
spectrum utilization efficiency. TDCS is a
novel new candidate SS technique that
invokes the CR concept. In this report, we
consider the effect of spectra mismatches due
to spectral estimation error. BER expressions
for BPSK signals in various operating
conditions are given. We also derive analytical
SER expressions for other modulations like
MPSK, QAM signals and flat Rayleigh fading
channels. Our analysis can easily be extended
to other flat-fading channels by deriving the
corresponding P,(x) . It is shown that the
spectral estimation error results in error floor.
As expected, the BER/SER performance is
improved and the error floor is reduced when
the per-tone (single-subcarrier) detection error
decrease. Increasing the number of subcarriers
(processing gain) in the SS band also has
similar effect. Based on this, it suggests that
the best access police is to choice all subbands
in terms of BER/SER if the subbands are
estimated as idle state. We also find that the
BER/SER performance is more sensitive to
the spectral estimation error at the receiver
than that at the transmitter.

There are quite a few issues that remain
to be solved. Firstly, we use a simple
Bernoulli distribution to model the estimation
error, which is appropriate if the spectral
estimation is carried out in a tone-by-tone
manner. A more realistic model depends on

the spectral estimation method used. It would
be interesting to see how the system behaves
under different spectral mismatch models.
Secondly, a soft decorrelation process might
be useful to reduce the impact of spectral
mismatches and enhance system performance.
Furthermore, cooperative spectrum sensing
and prediction should be considered in the
future to reduce the mismatch probability.
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Fig. 1. Block diagram for a TDCS transmitter
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TABLE 1
EIGHT POSSIBLE SCENARIOS FOR A TDCS LINK.

Case | {Afw], Alw)p, Alw)re) The effect of non-ideal maich
0 (0,0,0) None
1 (0,0,1) additional noise and interference are introduced in the subband w
2 (0,1,0) introduce interference to an existing user and reduce the received signal energy
3 (0,1,1) introduce interference to an existing user “and interference from ¢ existing user to the receiver
4 {1,0,0) None
5 (1,0,1) additional noise in the subband w is introduced
b (1,1,0) received signal energy is reduced
7 (1,1,1) None
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TABLE IV
P. IN FLAT RAYLEIGH CHANNEL
P.(x) Modulation Type
1(y_ x '
5 (1- /=) BPSK
M—1 IPSKE M 9PSK T ; e a2
(T) {1— ,#%W [——i—mctan(ﬁ t%)]}.whele gpsk = sin”® 17 MPSK
(M—1)
S ( \/m MPAM
5 (VM =1 L.5x VM —1 1.5 4, M—1+1.5z
2 ( avs ) (1 - \/.-1-1—14-1.54-) ( T ) (1 - \/M—1+1.54- (;alctan\/ 15z )) MQAM






