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ABSTRACT

Fading estimation in wireless communication systems depend on an expected fading
model and assumptions about the channel itself. The bit error rate (BER) performance
of the communication system is affected by how closely the assumptions made in de-
signing the estimation technique match the deployment environment. Any unforeseen
disturbances or hindrances in the environment deteriorate the BER performance of the
system when the estimation system is not designed to combat the same. To combat
such obstacles, estimation techniques must either be reinforced with modular systems
which combat such observed types of disturbances, or be redesigned as a whole consid-
ering such observations of disturbances. In this paper a modular scheme to detect and
combat sinusoidal variation in fading power is developed and tested by employing the
developed scheme in a multiple-input-multiple-output (MIMO) wireless communication
system which adopts Space-Time Block Coding (STBC) techniques.

Keywords: Sinusoidal variation, cancellation, fading, wireless communications, MIMO
systems, Space-Time block coding

1 INTRODUCTION

Cancellation of sinusoids or harmonics from a signal which usually arises due to a regular
noise source is a topic of interest in many fields ([1], [2], [3]). In communication systems,
fading occurs due to multi-path propagation of signals from transmit antenna to the receive
antenna. Multi-path fading is the most common type of fading studied and experimented
on, and it is to be noted that Rayleigh distribution model for fading amplitude is the most
persistent in multi-path fading [4]. Without fading, the power of the received signal would
slowly decrease as the receiver moves farther away from the transmitter; this is sometimes
known as line of sight (LOS) attenuation, or simply path loss. In communication systems,
this issue of varying signal power can be countered by normalizing the received signal either
continuously, or for each frame of data. This process translates to increase in signal to noise
ratio (SNR) as the distance between transmitter and receiver increases [5]. The combination
of Rayleigh fading and LOS path loss can be modeled by Rayleigh-lognormal (shadowing)
distribution [6]. In the current scenario, along with the LOS attenuation and fading, A
sinusoidal variation of the signal power is assumed. It is the intent of this paper to discuss
about the effects of such sinusoidal variation on the BER of the communication system and
provide a method to detect ad combat the same.
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In a wireless communication system, sinusoidal variation in the received power can be a
result of rotation in the antenna involved [7], or due to movement of receiver in a diffraction
pattern in the path of communication, or movement of objects creating changing diffraction
patterns at the receiver [8] for example.

2 BASIC COMMUNICATION SYSTEM
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Figure 1: Simple wireless communication system

A basic communication system is as shown in Figure 1. The source is a binary source of
information which is then modulated (using BPSK modulation for this paper). Quadrature
signal representation [9] is used to represent the signal being transmitted (complex symbol
+1 represents bit 1 while complex symbol -1 represents bit 0).

The channel fading coefficient for each symbol is generated using a Rayleigh fading gen-
erator with correct statistical properties, as described in [10], given in equation (1). In this
implementation, slow-fading is assumed [5].

Y (t) = Yc(t) + Ys(t) (1)

Yc(t) =
1√
N

N∑
n=1

cos(ωd t cosαn + φn) (2)

Ys(t) =
1√
N

N∑
n=1

sin(ωd t cosαn + φn) (3)

αn =
2πn + θn√

N
, n = 0, 1, · · ·N (4)

Where N is the number of fading paths, θn and φn are angles of incidence at the receiver
assumed to be random and uniformly distributed over the interval [−π, π), and ωd is the
Doppler angular frequency. A substitution of t = kTb where Tb is the bit interval, allows the
use of these equations to generate fading for current implementation, provided the change
in fading over the bit interval Tb is neglected.
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The received signal in discrete time is of the form as shown in (5) where s(k) is the
transmitted complex signal, h(k) is the complex Rayleigh fading, w(k) is the additive white
Gaussian noise (AWGN), all at sample index k.

r(k) = s(k) ∗ h(k) + n(k) (5)

At the receiving end, channel coefficients can be estimated using different existing meth-
ods [11]. In this implementation, a pilot symbol based system is employed [12]. The received
signal is then sent through a channel equalization block to nullify the channel effects as best
as possible. This equalized signal is now demodulated.

3 ADVANCED COMMUNICATION SYSTEM IMPLEMENTED

To test the effects of sinusoidal variation in more advanced communication systems which
provide redundancy through MIMO configurations, a basic STBC scheme proposed in [13]
is simulated. The block diagram of this scheme is shown in Figure 2. Here, two transmit
antennas Tx0 & Tx1, and two receive antennas Rx0 and Rx1 are used. The symbols are
chosen to be transmitted in blocks called frames. The frame length is chosen such that slow
fading is observed.
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Figure 2: Alamouti STBC block diagram

As described in [13], a pair of symbols to be transmitted : s0 and s1, are transmitted using
two bit intervals in each transmitter. First, the two symbols are transmitted simultaneously
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in the first bit interval, say index k, in each Tx. Then the next interval, indexed k + 1, of
each Tx is used to transmit a modified version of the first symbol used on the other Tx as
given in Table 1, where (·)∗ denotes complex conjugate operation.

Table 1: Transmission sequence for 2 × 2 MIMO system

Symbol at Tx0 Symbol at Tx1

bit index k s0 s1
bit index k + 1 −s∗1 s∗0

At the receiving end, the signals received at Rx0 and Rx1 can be represented mathemat-
ically as shown in equation (6).

at Rx0−
r0 = r0(k) = h0s0 + h1s1 + n0(k)

r1 = r0(k + 1) = −h0s∗1 + h1s0 ∗+n0(k + 1)

at Rx1−
r2 = r1(k) = h2s0 + h3s1 + n1(k)

r3 = r1(k + 1) = −h2s∗1 + h3s0 ∗+n1(k + 1)

(6)

Where r0(k) and r1(k) are received signals through Rx0 and Rx1 respectively, n0 and
n1 are noise signals at receive antennas, h0 through h3 are fading coefficients for all the four
paths from each Tx to Rx as indicated in Figure 2, at index k.

To proceed from this step of reception, An off-line trained channel estimator as proposed
in [14] is used. Assuming that channel estimates ĥ0 through ĥ3 are available, the signals r0
through r3 are combined using equation (7). And then a maximum likelihood detector as
defined in equation (8) is used to make an estimate of the transmitted symbols.

s̃0 = h∗0r0 + h1r
∗
1 + h∗2r2 + h3r

∗
3

s̃1 = h∗1r0 − h0r∗1 + h∗3r2 − h2r∗3
(7)

d2(s̃i, sk) ≤ d2(s̃i, sk) ∀ i 6= k (8)

where d2(•) denotes the distance function which is given by equation (9)

d2(x, y) = (x− y)(x∗ − y∗) (9)

4 THE SIMULATION AND OBSERVATIONS

The communication system as described above was simulated and BER was used as a metric
to evaluate the system. A logarithmic plot of error rate for corresponding SNR values,
referred here as ‘BER curve’, is given in Figure 3. The given BER curve for perfect channel
estimation matches the results provided in [13] closely (Data 2).
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Figure 3 shows additional results: Data 1 shows the BER curve of the same system
simulated under different condition: where the Doppler frequency used to generate fading
in transmission is slightly different (±2 Hz uniformly random and centered at 13 Hz) from
the actual Doppler frequency used in off-line training (10 Hz). This shows the effects of
mismatch between the trained environment of channel estimator and the actual environment
of the wireless communication system employing it.
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Figure 3: BER curves of the communication system being discussed

Figure 3 Data 3 shows the effect of having the above mentioned mismatch along with a si-
nusoidal power variation in the fading. For demonstration purposes, the following conditions
were used:

• The autocorrelation of Rayleigh fading is Bessel function of first order [10] (= 2J0(ωdτ)
where τ is the time delay) and thus has at least as many zero crossings as a cosine
function of angular frequency ωd [15]. This suggests that the fading envelope for the
frame can be expected to change significantly only if the time interval of each frame
is greater than or about π

ωd
thus facilitating the use of the off-line fading estimator.

Hence, the time interval of each frame was selected to be Tf = π
ωd

.

• The Sinusoidal variation for fading power was generated to be centered at a power level
of 0.5 [13] with an amplitude corresponding to 30% variation in power, a random initial
phase angle and a frequency corresponding to 0.8 cycles per frame. The frequency of
sinusoidal variation is represented as ‘cycles per frame’ (CPF) so that its relation to
the Doppler frequency of fading is relatively kept the same irrespective of actual frame
time or the wireless carrier frequency used.

• The equation used to introduce the power variation is as given in equation (10). Where
a is the DC level of the variation, C is the amplitude of the variation, f is the frequency
in Hz and ψ is a random initial phase angle.
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h(k) =
√
a+ Csin(Θ)× Y (kTb)),

Θ = 2πfkTb + ψ
(10)

To further examine the effects of frequency and amplitude of the sinusoidal variation, the
simulation was run for different percentages of amplitude (from 10% to 80% fading power)
and different frequencies of the sinusoid (from 0 to 4 CPF). The results of which are shown
in Figure 4.
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Figure 4: BER performance of the communication system being discussed, at SNR = 10dB.
±3 dB boundaries also indicated.

It is evident from Figure 4 that introducing a sinusoidal power variation with 50% varia-
tion in power and at 0.2 CPF to the fading is capable of reducing the current system’s BER
performance by approximately 4 dB while operating at an SNR of 10dB.

5 DETECTION AND CORRECTION OF THE SINUSOID

Choosing to be ready to combat the effects of a sinusoid with frequency corresponding
to ≥ 0.2 CPF, enables to tackle most of the error shown in Figure 4, outside a 3dB boundary
from the original BER. Thus, to have at least one cycle of the frequency (data worth 5 frames)
must be available to effectively measure the frequency of the fading using frequency domain
methods like fast Fourier transform (FFT) or MUSIC algorithm [16].

To detect the signal, consider the magnitude of the stored received signal |p(k)| given by
equation (11), derived by taking magnitude of received signal r(k), where r(k) = r0(k) +
r1(k). This preserves the sinusoidal variation since it is common for all channels and does not
worsen the effects of fading in the received signal since all the fading paths are considered to
be uncorrelated. This equation is the result of the fact that all symbols in PSK modulation
have equal magnitude and equal to unity.

|p(k)| = (a+ Csin(Θ)) |r(k)| (11)
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Where |r(k)| corresponds to the rest of the signal lumped together consisting of fading
and noise. From here on suitable frequency domain methods can be employed to detect the
sinusoid based on requirements and/or limitations any implementation at hand. The next
section outlines a method used in this implementation.

The fact that received signals in wireless communications have a Doppler power spectrum
[17] [18] allows easy detection of the sinusoidal variation of higher frequencies relative to ωd.
For variations of low frequency, a chirp-z transform can be employed to observe the frequency
spectrum of the received signal within certain frequency bounds, say 0 Hz to ωd in Hz, in
detail [19] (Stage 1). In this implementation the frequency spectrum of Stage 1 is also
multiplied with a rising function (ramp(f)1/3 where ramp(f) is a linear function increasing
from 0 to 1 over the spectral frequency interval) to reject DC and dampen lower frequency
signals. The rest of the frequency spectrum until Fs/2, where Fs = 1/Tb, is calculated and
used without the ramp function (Stage 2).

Figure 5 shows the normalized spectral components of 20 frames of received signal with
a sinusoidal variation of 36.2545 CPF (= 36.2545 ωd

2π
' 362.54Hz) and 30% fading power

variation for Tb = 1.6276× 10−4 seconds.
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Figure 5: Spectral components of received signal and the sinusoidal variation compared,
along with threshold. Stage 1 on top and Stage 2 on the bottom

The threshold for sinusoid detection was set at 75% of the maximum magnitude in Stage
2. Since the current problem is to reject a single sinusoid, a sinusoid is detected only when
a single peak satisfies this threshold criteria. The sinusoid is assumed to be in this range
and the frequency of this single peak is assumed to be corresponding to the frequency of the
sinusoid. Otherwise the frequency corresponding to the largest peak in Stage 1 is assumed
to be the frequency of sinusoid. This setup here is prescribed only as a simple solution to
facilitate the evaluation of systems performance when the frequency of the sinusoid is known.
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Once the frequency is estimated, an ideal single frequency pass filter designed at this
frequency is used to construct the correction signal pc(k) as given in equation (12).

e(k) = F−1 {F {|p(k)|} ∗Hf}
pc(k) =

√
2 ∗

√
e(k) + 0.5

(12)

Where F denotes Fourier transform operation, Hf represents the ideal single frequency
pass filter. The constant 0.5 is added to account for the DC level of the signal which is lost
due to the fact that the notch pass filter suppresses the DC component in the signal |p(k)|.
The signal e(k) is checked and corrected such that its amplitude does not cross 0.45 (or its
range 6> 0.9) to keep the square root real.

The effects of the sinusoidal variation are now removed from r0(k) and r1(k) by apply-
ing r0(k) = r0(k)/pc(k) and r1(k) = r1(k)/pc(k) before continuing with further receiver
functions. The filtering process is started only after all the frames required to be stored are
available. Data equivalent to 20 frames were chosen to be stored for this implementation to
have at least 4 cycles of the sinusoid at 0.2 CPF.

6 RESULTS
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Figure 6: BER performance of the simulated system and proposed sinusoidal variation de-
tection and correction scheme

Figure 6 shows the following results (indicated by their line style used):

• Dash-dot: This indicates the BER of original Alamouti STBC wireless system which
assumes 100% knowledge of channel coefficients.

• Dotted: This curve indicates BER of the system in question which has a mismatch
between expected Doppler frequency and actual fading Doppler frequency.
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• Dashed: This curve represents the BER of the current system when a sinusoidal
variation is introduced in the fading with a variation of 80% in fading power and a
frequency of 3 CPF.

• Solid: This shows the BER of the same system when sinusoidal variation detection
and correction scheme is employed.

Each BER value shown in the Figure 6 is shown with a 95% confidence interval denoted
by lines marked with a ‘+’ sign.

It can be observed that the BER of the simulated system was improved by more than 10
dB at an SNR of 20dB and at least 3dB at an SNR of 15dB.

7 CONCLUSION

A modular scheme to detect and correct sinusoidal variations in wireless fading channels is
proposed for wireless communication systems based on slow-fading and channel estimation.
This scheme was found to be effective in combating the performance reduction due to such
sinusoidal variations in a wireless communication system as discussed in results.

Furthermore, the proposed scheme can be modified to adopt to combating regular fading
power variations of any kind if the variations can be modeled as a sum of sinusoids, by
making required adjustments to the frequency detection system. Modifications can also be
made to the proposed scheme to be used for modulation schemes other than PSK like QAM
modulation
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