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NOISE PLUS INTERFERENCE POWER
ESTIMATION METHOD FOR OFDM
SYSTEMS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims priority to currently pending U.S.
Provisional Patent Application 60/696,370, entitled, “Noise
Plus Interference Power Estimation Method for OFDM Sys-
tems”, filed Jul. 1, 2005, the contents of which are herein
incorporated by reference.

FIELD OF INVENTION

This invention relates to a method and apparatus for esti-
mating the noise and interference power over the transmis-
sion band for OFDM systems.

BACKGROUND OF THE INVENTION

Orthogonal Frequency Division Multiplexing (OFDM) is a
multi-carrier modulation scheme in which the wide transmis-
sion spectrum is divided into narrower bands and data is
transmitted in parallel on these narrow bands. Therefore,
symbol period is increased by the number of sub-carriers,
decreasing the effect of inter-symbol interference (ISI). The
remaining ISI effect is eliminated by cyclically extending the
signal. OFDM provides effective solution to high data-rate
transmission by its robustness against multi-path fading. Par-
allel with the possible data rates, the transmission bandwidth
of OFDM systems is also large. UWB-OFDM and IEEE
802.16 based wireless metropolitan area network (WMAN)
systems are examples of OFDM systems with large band-
widths. Because of these large bandwidths, noise can not be
assumed to be white with flat spectrum across subcarriers.

The signal-to-noise ratio (SNR) is broadly defined as the
ratio of the desired signal power to the noise power and has
been accepted as a standard measure of signal quality. Adap-
tive system design requires the estimate of SNR in order to
modify the transmission parameters to make efficient use of
system resources. Poor channel conditions, reflected by low
SNR values, require that the transmitter modify transmission
parameters such as coding rate, modulation mode etc. to
compensate for the channel and to satisfy certain application
dependent constraints such as constant bit error rate (BER)
and throughput. Dynamic system parameter adaptation
requires a real-time noise power estimator for continuous
channel quality monitoring and corresponding compensation
in order to maximize resource utilization. SNR knowledge
also provides information about the channel quality which
can be used by handoff algorithms, power control, channel
estimation through interpolation, and optimal soft informa-
tion generation for high performance decoding algorithms.

The SNR can be estimated using regularly transmitted
training sequences, pilot data or data symbols (blind estima-
tion.). In conventional SNR estimation techniques, the noise
is usually assumed to be white and an SNR value is calculated
for all subcarriers. In addition, in the prior art it is known to
remove this assumption by calculating SNR values for each
subcarrier. However, the correlation of the noise variance
across subcarriers is not used since noise variance is calcu-
lated for each subcarrier separately.

White noise is rarely the case in practical wireless commu-
nication systems where the noise is dominated by interfer-
ences which are often colored in nature. This is more pro-
nounced in OFDM systems where the bandwidth is large and

15

20

35

40

45

2

the noise power is not the same over all the sub-carriers. Color
of the noise is defined as the variation of its power spectral
density in frequency domain. This variation of spectral con-
tent affects certain sub-carriers more than the others. There-
fore, an averaged noise estimate is not the optimal technique
to use.

SUMMARY OF INVENTION

The present invention provides a method and apparatus for
estimating the noise and interference over the transmission
band for OFDM systems. In this methodology the assumption
of the noise to be white is removed and variation of the noise
power across OFDM sub-carriers as well as across OFDM
symbols is allowed. The noise variances at each subcarrier is
estimated using a two dimensional sliding window. These
estimates are specifically useful for adaptive modulation, and
optimal soft value calculation for improving channel decoder
performance. Moreover, it can be used to detect and avoid
narrowband interference.

The methodology may be used in communication systems
based on multi-carrier transmission. Some examples are
wireless local area networks (WL AN), wireless metropolitan
networks (WMAN) and OFDM-based ultrawideband com-
munication systems. The developed technology provides bet-
ter signal quality estimation and it allows adaptation of dif-
ferent parameters in wireless systems. Hence, higher
throughputs and lower error rates may be achieved using the
developed technology in accordance with the present inven-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

For a fuller understanding of the invention, reference
should be made to the following detailed description, taken in
connection with the accompanying drawings, in which:

FIG. 1 is an illustration of non-stationary interference.

FIG. 2 is a graph showing the mean squared error as a
function of window dimension in frequency.

FIG. 3 is a graph showing the averaging size obtained by
semi-analytic method and the proposed adaptive window size
algorithms.

FIG. 4 is a graph showing the mean squared error for
different algorithms as a function of the stationary colored
noise to white noise power ratios.

FIG. 5 is a graph showing the mean squared error for
different algorithms as a function of the non-stationary col-
ored noise to white noise power ratios.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

A method and apparatus for estimating the noise and inter-
ference over the transmission band for OFDM systems are
provided. Noise variance and signal-to-noise ratio (SNR) are
important parameters for adaptive orthogonal frequency divi-
sion multiplexing (OFDM) systems since they serve as a
standard measure of signal quality. Conventional algorithms
assume that the noise statistics remain constant over the
OFDM frequency band, and thereby average the instanta-
neous noise samples to get a single estimate. In reality, noise
is often made up of white Gaussian noise along with corre-
lated colored noise that affects the OFDM spectrum unevenly.
Provided is an adaptive windowing technique to estimate the
noise power that takes into account the variation of the noise
statistics across the OFDM sub-carrier index as well as across
OFDM symbols. The proposed method provides many local
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estimates, allowing tracking of the variation of the noise
statistics in frequency and time. A mean-squared-error (MSE)
expression in order to choose the optimal window dimensions
for averaging in time and frequency is derived. Evaluation of
the performance with computer simulations shows that the
proposed method tracks the local statistics of the noise more
efficiently than conventional methods.

OFDM converts serial data stream into parallel blocks of
size N and modulates these blocks using inverse fast Fourier
transform (IFFT). Time domain samples of an OFDM symbol
can be obtained from frequency domain symbols as

Xn(m) = IFFT{Sp} M

N-1
= ZSn,kejz"m"/N O<m<N-1
k=0

where S, , is the transmitted data symbol at the kth subcar-
rier of the nth OFDM symbol and N is the number of subcar-
riers. After the addition of cyclic prefix and D/A conversion,
the signal is passed through the mobile radio channel.

At the receiver, the signal is received along with noise and
interference. After synchronization and removal of the cyclic
prefix, fast Fourier transform (FFT) is applied to the received
signal to return to the frequency-domain. The received signal
at the kth subcarrier of nth OFDM symbol can then be written
as

You = Sup Hoge + Inge + Wi
Zn i

@

where H,, ; is the value of the channel frequency response
(CFR), I, ; is the colored noise (interference), and W, ; is the
white Gaussian noise samples. It is assumed that the impair-
ments due to imperfect synchronization, transceiver non-lin-
earities etc. are folded into W, ; and the CFR is not changing
within the observation time.

The white, Gaussian noise is modeled as

Wy = N, 03)

and the interference term as

Ly =N@©, o7)

where o,, ; is the local standard deviation. Note that although
the time-domain samples of the interference signal are corre-
lated (colored), the frequency-domain samples (I,, ;) are not
correlated, but their variances are correlated. Assuming that
the interference and white noise terms are uncorrelated, the
overall noise term Z, , can be modeled as

Zyi =N(©, %)
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where

2 o_ 2
Onj = Onj +05

is the effective noise variance. Thus there is provided an
estimate of

72
Tk

which can be use to find SNR. Note that if’ 6,>>0,, ;, the
overall noise can be assumed to be white and it is colored
otherwise.

The commonly used approach for noise power estimation
in OFDM systems is based on finding the difference between
the noisy received sample in frequency domain and the best
hypothesis of the noiseless received sample. It can be formu-
lated as

Zn,k: Y, n,k_SnJan,k (3)

where émk is the noiseless sample of the received symbol
and H,, , is the channel estimate for the kth sub-carrier of nth
OFDM symbol.

Three different scenarios for the noise process Z,, ; can be
considered: white noise, stationary colored noise and nonsta-
tionary colored noise. The first one is the commonly assumed
case, where the frequency spectrum of the noise is uniform. In
the second scenario, a strong interferer is assumed which has
larger bandwidth than the desired OFDM signal. A strong
co-channel interferer is a good example for this case. In the
third one, an interferer whose statistics are not stationary with
respect to time and/or frequency is assumed to be present.
Adjacent channel interference or a co-channel interference
with smaller bandwidth than the desired signal are examples
of'this type of interference. A scenario where the interference
is not stationary both in time and in frequency is illustrated in
FIG. 1. Here, the statistics of noise components change as we
move along the time or the frequency axis.

The present invention proposes the use of a two dimen-
sional sliding window for obtaining the noise plus interfer-
ence power. Windowing will remove the common assumption
ot having the noise to be white and it will take colored inter-
ference (both in time and in frequency) into account. In this
case, the estimate of the noise power at kth subcarrier of nth
OFDM symbol can be written as:

@

miLya+l KLy /241

> 1zl

k—Lg/2

PL
k= Ty
Ll [y,

where L, and L are the averaging window lengths in time
and frequency respectively.

The sliding window approach given in (4) requires appro-
priate L, and L, values for accurate estimation of noise plus
interference power. If the window size is not chosen properly,
it degrades the performance of estimation. Estimation error at
the kth subcarrier of nth OFDM symbol can be written as:
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En, ) = 6y — 72, ®)

| et kL f2-1

= 14_141:; Z 1Zul? = o7

Le/2 u=ic-Lg /2

Note that the instantaneous errors, (5), will be a function of
the window size, how correlated the interference is within the
averaging window, average interference power and average
noise power. Hence, the optimum values for window sizes
will be different for each subcarrier and OFDM symbol, i.e.
L, ,,~L:n, k) and L, =L (n, k). One method for choosing
the window dimensions would be to minimize expected value
of (5).

A suboptimal algorithm that uses the same window sizes
for each subcarrier is developed and it is later used to develop
the optimum algorithm which calculates the window sizes for
each local point.

When the interference is stationary (with respect to time or
frequency) it is proposed to use a window with fixed dimen-
sions for estimating the total noise power. Although the fixed
window size algorithm is sub-optimum, it is computationally
simpler than the optimum method that will be discussed in the
next section.

The window dimensions can be calculated by minimizing
the mean-squared-error (MSE), i.e by minimizing the
expected value of the square of (5). In this case, the MSE can
be formulated as:

MSE = g, {E(n, k)} (6)

nLyj2-1 krLpf2-1

1
lq_lzfl:Z Z |Zl* - o7k

n=L4l2 w=i-Lg )2

= Enk

where €, ; is expectation over subcarriers and OFDM sym-
bols. By further simplification, (6) can be written in terms of
the auto-correlation of the variance of the noise component
R,5(%, A) and the window dimensions (L, and L)) as shown:

5 Lpo Lpj2-1 @)
MSE = (1 + H]Rv/z(o, O~ > Ralw+
4 fi2Tn w=—Ly/[2
= Lyt
T2y 2y Ly~ bR w.
L fo=L; u=L¢

Minimizing (7) achieves a trade-off between large window
sizes (for white noise dominated cases) and small window
sizes (for colored noise dominated cases). The window size
that minimizes the MSE should be chosen by averaging, i.e.

Ly fixed = arglinin MSE, Lf fiveqd = ar%min MSE. (8)
f

Note that the window size depends on the statistics of
interference and white noise. These statistics can be obtained
by averaging since the processes are assumed to be stationary.
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FIG. 2 shows the MSE for different interference scenarios
as a function of averaging size. In this figure, only windowing
in the frequency domain is considered for simplicity although
the same concept is true for windowing in the time domain.
The best averaging window size becomes infinity for the
white noise case and it has different values depending on the
auto-correlation of the power of the total noise. As can be seen
from FIG. 2, the averaging size that gives the minimum error
decreases as the correlation decreases.

By using a fixed sliding window, the common assumption
of having the noise to be white is removed and the colored
interference (both in time and in frequency) is taken into
account. However, the noise statistics are assumed to be con-
stant, i.e. R ,,(T, A) is not changing over the estimation
period.

Inthe previous section, a fixed window size is used over the
whole subcarrier index as well as across OFDM symbols by
assuming the noise statistics are constant in frequency and in
rime. This assumption is not valid when the interference is not
stationary with respect to time (e.g. 802.11 interference) or
with respect to frequency (e.g. narrowband interference) or
both. When the dominant interference statistics change over
time and/or frequency, the algorithm proposed in the previous
section will degrade. In this section, it is proposed to use
different window dimensions for each subcarrier. This is
achieved by assuming that the interference within the neigh-
borhood of a subcarrier is stationary, i.e. the interference is
quasi-stationary with respect to time and frequency.

In order to be able to find the optimum window dimensions
for each local point, we replace the correlation term in (7)
with local correlation estimate R,,,. The correlation estimate,
R, estimated using only the noise terms 7, , within the
window for which the MSE is calculated.

The optimum window size for each local point is found by
minimizing (7). The correlation values are estimated using
the noise within the hypothesized window. The optimum
window size in a subcarrier may be very large if the noise has
flat spectral content. In order to decrease the computational
complexity, window dimensions are found by assuming the
interference is stationary. Then, window sizes less then or
equal to this value are tested. If the obtained result is equal to
the maximum value, the maximum window size is increased
and the algorithm is repeated.

In an exemplary embodiment, an OFDM system with 1024
subcarriers and 20 MHz bandwidth is considered. The sta-
tionary interference is assumed to be caused by a co-channel
user transmitting in the same band with the desired user, and
a co-channel signal with 10 MHz bandwidth is used to simu-
late the non-stationary interference. Averaging over 20
OFDM symbols and estimation of L only is considered in this
embodiment, but the results can be generalized to the two
dimensional case as well.

FIG. 3 shows the window length in the frequency domain
for a hypothetical non-stationary interference. Results
obtained using the proposed adaptive algorithm and using
excessive search are shown. As can be seen, the proposed
algorithm finds the correct window dimensions with little
error. The error is caused by the absence of enough statistics
for obtaining the local correlations. At the edges of the inter-
ference the optimum window size goes to zero and it becomes
larger where the noise variance is constant.

FIGS. 4 and 5 show the MSEs for the conventional, fixed
size window and adaptive window size algorithms. FIG. 4
gives the MSEs as a function of the stationary interference to
white noise power ratio and FIG. 5 gives the MSE as a
function of the non-stationary interference to white noise
power ratio. The total noise plus interference power is kept
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constant for both figures. Note that when the ratio is very
small (e.g. -25 dB), the total noise can be considered as white
noise only, and conventional algorithm performs best because
its inherent white noise assumption is true. The estimation
error increases as the total noise becomes more colored for all
three methods. As noise becomes more colored, the averaging
window dimensions become smaller for both fixed and adap-
tive algorithms increasing the estimation error. For conven-
tional algorithm, the increase in the MSE is expected as
variation of the noise power is more.

When the interference is stationary, the performance of the
fixed window size algorithm is close to the performance of the
adaptive window size algorithm while the performance dif-
ference becomes more obvious in the case of non-stationary
interference. This is because the stationary assumption in the
derivation of the fixed window size algorithm is valid for the
stationary interference case (FIG. 4) whereas it is not true for
the non-stationary interference (FIG. 5).

In accordance with the present invention, a new noise vari-
ance estimation algorithm for OFDM systems is provided,
which removes the common assumption of white Gaussian
noise and considers colored noise. Noise variance, and hence
SNR, is calculated by using a two dimensional sliding win-
dow in time and frequency. Windows with fixed and adaptive
dimensions are considered. The sliding window dimensions
in each subcarrier position are calculated adaptively using the
local statistics of noise at that subcarrier, hence considering
the non-stationary interference scenarios. Although the adap-
tive window size based algorithm gives the optimum perfor-
mance, it is computationally complex. Therefore, the fixed
window size algorithm may be used in applications where
computational complexity is the limiting factor. Simulation
results show that the proposed algorithm outperforms the
conventional algorithm under colored noise.

In an additional embodiment, a fixed window size may be
used for the whole subcarrier set. This way computational
complexity will be reduced.

While the examples illustrated address noise variance esti-
mation, the examples are not intended to be limiting and the
same technique can be used for SNR estimation.

In the embodiments presented, a rectangular window is
considered for simplicity. However, different windowing
shapes may beused for calculating local estimates, including,
but not limited to, Gaussian, sine, raised cosine, triangle
windows etc.

The developed method in accordance with the present
invention is not limited to OFDM systems but can be used in
all multi-carrier systems such as MIMO-OFDM, MC-CDMA
etc.

The developed windowing approach in accordance with
the present invention may be used for detecting the narrow-
band interference.

The developed method in accordance with the present
invention may be used with pilot symbol based SNR estima-
tion algorithms.

In the provided methodology, a new noise variance estima-
tion algorithm for OFDM systems, which removes the com-
mon assumption of white Gaussian noise and considers col-
ored noise, is developed. Noise variance, and hence SNR, is
calculated by using a two dimensional sliding window in time
and frequency.

What is claimed is:

1. A method for estimating a noise variance of a signal
received from a multi-carrier transmission channel, the
method comprising:

receiving data to be transmitted on a multi-carrier trans-

mission channel, the data received at a transmitter;
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modulating the data using a plurality of subcarriers to form
a transmission signal having a plurality of transmission
parameters and transmitting the signal using the trans-
mitter;

receiving the transmitted signal at a receiver, the signal
including noise and interference resulting from trans-
mission over the channel; and

estimating the noise variance of the received signal at each
subcarrier using a two-dimensional sliding window in
time and frequency, wherein estimating of the noise
variance at each subcarrier includes the noise variance at
the subcarrier and a correlation of the noise variance
across a plurality of subcarriers identified in the sliding
window, and wherein a mean-square-error technique has
been used to calculate size of the window.

2. The method of claim 1, further comprising filtering the
noise variance estimated at each subcarrier to recover the
transmitted signal.

3. The method of claim 1, wherein the multi-carrier system
is an OFDM system.

4. The method of claim 1, wherein the dimensions of the
two-dimensional sliding window are fixed over the plurality
of subcarriers.

5. The method of claim 1, wherein the dimensions of the
two-dimensional sliding window are adaptive over the plu-
rality of subcarriers.

6. The method of claim 1, wherein the shape of the sliding
window is selected from the shapes consisting of rectangular,
Gaussian, sine, raised cosine and triangle.

7. The method of claim 4, wherein the fixed dimensions of
the two-dimensional sliding window are calculated by mini-
mizing the mean-squared-error using the average noise over
the plurality of subcarriers.

8. The method of claim 5, wherein the adaptive dimensions
of the two-dimensional sliding window are calculated by
minimizing the mean-squared-error using the noise at each of
the plurality of subcarriers within the sliding window.

9. The method of claim 1, further comprising using the
estimated noise variance at each subcarrier to detect a nar-
rowband interference of the channel.

10. The method of claim 1, further comprising using the
estimated noise variance and a pilot symbol to estimate the
signal-to-noise ratio (SNR) for the channel.

11. A system for estimating a noise variance of a signal
received from a multi-carrier transmission channel, the sys-
tem comprising:

a transmitter for receiving data to be transmitted on a
multi-carrier transmission channel, for modulating the
data using a plurality of subcarriers to form a transmis-
sion signal having a plurality of transmission parameters
and for transmitting the signal using the transmitter;

a receiver for receiving the transmitted signal, the signal
including noise and interference resulting from trans-
mission over the channel, and a circuitry for estimating
the noise variance of the received signal at each subcar-
rier using a two-dimensional sliding window in time and
frequency, wherein estimating of the noise variance at
each subcarrier includes the noise variance at the sub-
carrier and a correlation of the noise variance across a
plurality of subcarriers identified in the sliding window,
and wherein a mean-square-error technique has been
used to calculate size of the window.

12. The system of claim 11, the receiver further comprising
circuitry for filtering the noise variance estimated at each
subcarrier to recover the transmitted signal.

13. The system of claim 11, wherein the multi-carrier sys-
tem is an OFDM system.
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14. The system of claim 11, wherein the dimensions of the
two-dimensional sliding window are fixed over the plurality
of subcarriers.

15. The system of claim 11, wherein the dimensions of the
two-dimensional sliding window are adaptive over the plu-
rality of subcarriers.

16. The system of claim 11, wherein the shape of the
sliding window is selected from the shapes consisting of
rectangular, Gaussian, sine, raised cosine and triangle.

17. The system of claim 14, wherein the fixed dimensions
of the two-dimensional sliding window are calculated by
minimizing the mean-squared-error using the average noise
over the plurality of subcarriers.

10

18. The system of claim 15, wherein the adaptive dimen-
sions of the two-dimensional sliding window are calculated
by minimizing the mean-squared-error using the noise at each
of the plurality of subcarriers within the sliding window.

19.The system of claim 11, further comprising circuitry for
using the estimated noise variance at each subcarrier to detect
a narrowband interference of the channel.

20. The system of claim 11, further comprising circuitry for

using the estimated noise variance and a pilot symbol to
estimate the signal-to-noise ratio (SNR) for the channel.
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