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I. I NTRODUCTION

We consider the convolutionally-coded Multiband Orthogo-
nal Frequency Division Multiplexing (MB-OFDM) system for
Ultra Wideband (UWB) communications [1], which operates
over quasi-static, frequency-selective wireless channels [2].
Classical bit error rate (BER) analysis techniques for coded
systems [3] are not applicable in this setting because the
channel is (a) non-ideally interleaved (resulting in non-zero
correlation between adjacent coded bits), and (b) quasi-static
(which limits the number of distinct channel gains to the
number of OFDM subcarriers).

We present a method for determining the average BER
of this system, and note that it is applicable to the general
class of coded OFDM systems operating over frequency-
selective quasi-static channels. Furthermore, in our analysis we
account for narrowband interference (modeled as a sum of tone
interferers, a reasonable model for evaluating the effect of one
or more interferers with narrow bandwidth as compared to the
OFDM subcarrier spacing). The effects of such narrowband
interference are of particular practical interest due to the
frequency reuse and resultant interference inherent to UWB-
based communication schemes.

II. PROBLEM FORMULATION AND SOLUTION

System Model: MB-OFDM employs 128 subcarriers and
hops over 3 sub-bands, forming an equivalent 384 subcarrier
OFDM system (withN = 300 data-carrying subcarriers).
Channel coding consists of standard convolutional codes and
interleaving. Interleaved coded bits are mapped to quaternary
phase-shift keying (QPSK) symbols using Gray labeling. We
useRc to denote the effective code rate after puncturing [1].

The modulated symbolsx are transmitted through a quasi-
static fading channel with frequency-domain channel gains
h = [h1 h2 . . . hN ] and correlation matrixΣhh. Writing
H = diag(h), wherediag(h) denotes a matrix with the ele-
ments ofh on the main diagonal, we can express the received
symbolsr (after the DFT) asr = Hx+J+n , whereJ is the
interference andn is a vector of independent complex additive
white Gaussian noise (AWGN) variables with varianceN0.
For a meaningful performance analysis of the MB-OFDM
proposal, we consider the quasi-static channel model CM1 de-
veloped under IEEE 802.15 for UWB systems [2]. By ignoring
the constant-per-realization “outer” lognormal shadowing of
this model, the elements ofh are well-approximated as zero-
mean complex Gaussian random variables [4]. We assume
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perfect timing and frequency synchronization. The receiver
employs a soft-output detector followed by a deinterleaver,
a depuncturer, and standard Viterbi decoding.

Narrowband interference is modeled as the sum ofNi tone
interferersi(t) =

∑Ni

k=1 ik(t) =
∑Ni

k=1 gkej(2πfkt+φk) , where
the kth tone interferer has amplitudegk, frequencyfk, and
initial phaseφk. Throughout this paper we will assume that
gk = 1, i.e., that the interferers are transmitted through a
constant-amplitude channel to the receiver. After sampling i(t)
with the OFDM system sampling rate1/T , we obtain the
frequency-domain equivalentJ of the interfering signal, given
by J = DFT([i(0) i(T ) i(2T ) . . . i((N − 1)T )]T ) ,
whereDFT(·) denotes the Discrete Fourier Transform and[·]T

denotes vector transposition.
Error Vectors: Let E be the set of allL vectors e`

(1 ≤ ` ≤ L) of code output (after puncturing) associated
with input sequences with Hamming weight less thanwmax,
i.e., E = {e1, e2, . . . , eL}. Let l` anda` be the length ofe`

and the number of information bit errors associated withe`,
respectively. We terme` an “error vector” andE the set of
error vectors. Note thatE can be straightforwardly obtained
from the transfer function of the code.

Pairwise Error Probability (PEP): Consider error events
starting in a given positioni of the codeword (1 ≤ i ≤ Lc).
For each error vectore` (1 ≤ ` ≤ L), form the full error
codewordqi,` = [0 0 . . . 0 e` 0 0 . . . 0]T of length Lc

by paddinge` with (i − 1) and (Lc − l` − i + 1) zeros
on the left and right, respectively. Given the error codeword
qi,` and given that codewordc is transmitted, the competing
codeword is given byvi,` = c ⊕ qi,` (where ⊕ denotes
XOR). Let zi,` be the vector of QPSK symbols associated
with vπ

i,` (the interleaved version ofvi,`). Noting that only the
ηi,` non-zero terms of(x − zi,`) contribute to the PEP (and
suppressing the dependence ofη on i and ` for notational
clarity), we let x′, z′

i,`, and J ′ represent the transmitted
symbols, received symbols, and interferences corresponding
to the η non-zero distances of(x − zi,`), respectively, and
form Σh′h′ by extracting the relevant portions ofΣhh. Let
D = diag(x′ − z′

i,`) be the diagonal matrix of non-zero
distances, and letRh′h′ = DΣh′h′DH . Using Laplace
transform techniques [5], it is possible to show that the PEP
for the `th error vector starting in theith position is given by

PEPi,` =
1

2πj

c+j∞
∫

c−j∞

exp[−sµH(A−1 + sR)−1µ]

det(I2η + sRA)

ds

s
(1)

with

µ=

[

0η×1

J ′

]

, A=

[

Iη −Iη

−Iη 0η

]

, R=

[

Rh′h′ 0η

0η N0Iη

]

,



whereIη and0η denote the identity matrix and the all-zero
matrix of dimensionη× η, respectively,0η×1 denotes the all-
zero column vector of lengthη, det(·) denotes the determinant
of a matrix, and(·)H denotes the Hermitian transpose. We note
that (1) may be solved efficiently via numerical integration
using a Gauss-Chebyshev quadrature rule [5].

Average BER Approximation: As discussed in detail
in [6], the average BER performance of coded MB-OFDM
can be well approximated as

P̄ =
1

Lc

Lc
∑

i=1

L
∑

`=1

a`PEPi,` . (2)

III. N UMERICAL RESULTS AND DISCUSSION

We present results for the MB-OFDM system operating at
320 Mbps (Rc = 1/2 after puncturing) over the CM1 channel.
As mentioned above and in [4], [6], the “outer” lognormal
shadowing can be ignored during the analysis, and reintro-
duced via numerical integration of (2) over the lognormal
distribution. We concentrate on the case ofNi = 1 interferers,
in order to examine the effect of interferer frequencyf1 and
the signal-to-interference ratioSIR = E (||Hx||2)/E (||J ||2),
whereE (·) denotes expectation.1 Without loss of generality
we placef1 between the52nd and53rd MB-OFDM subcarri-
ers.

Figure 1 shows the BER versus10 log10(Ēb/N0) (the aver-
age signal-to-noise ratio per information bit), and clearly illus-
trates the performance degradation associated with decreasing
SIR. Interestingly, the BER whenf1 is exactly the frequency
of a subcarrier is worse than whenf1 lies exactly between two
subcarriers. For comparison, the no-interference (SIR = ∞)
performance is obtained from two different methods: that of
Section II (thick solid line), and an alternative per-realization
based method [6] (thick dash-dotted line). We note that these
two methods are in close agreement. Furthermore, a good
match with simulation-based results (not shown here) has been
observed.

In Figure 2 we fix the10 log10(Ēb/N0) = 17 dB and
focus on the effect of varyingf1. As discussed in the previous
paragraph and seen in this figure, the best-case performanceis
obtained whenf1 lies exactly between two OFDM subcarriers,
while the performance degrades asf1 approaches a subcarrier
frequency.

In conclusion, the method presented herein provides an
efficient means of evaluating the average performance of
coded multicarrier systems. This technique constitutes an
alternative to simulation-based approaches which, for quasi-
static channels, require simulation of large numbers of channel
realizations, and are thus very resource-intensive.

1Note that theSIR according to this definition is an average over all the
subcarriers, so theSIR for a specific subcarrier may be much higher/lower
than the average. For example, in the 384-subcarrier MB-OFDM system with
one interferer directly on a subcarrier, theSIR of the affected subcarrier will
be ≈ 26 dB lower than the averageSIR (since the interference on all other
subcarriers is zero).
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Fig. 1. BER vs.10 log10(Ēb/N0) for varyingSIR. Interferer positions 52.0
(solid lines) and 52.5 (dashed lines). For comparison:SIR = ∞ from average
method (thick solid line), and realization-based method averaged over 10,000
channels [6] (thick dash-dotted line). UWB channel CM1 withlognormal
shadowing,Rc = 1/2, QPSK.
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Fig. 2. BER vs. interferer position for10 log10(Ēb/N0) = 17 dB. For
comparison:SIR = ∞ (thick solid line). UWB channel CM1 with lognormal
shadowing,Rc = 1/2, QPSK.
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