Prem etal./ IJAIR

Vol. 2 Issue 7

ISSN: 2278-7844

1/f BASEBAND NOISE SUPPRESSION IN OFDM USING
KALMAN FILTER

T.Prem kumar™, P.Viswanath™,S.Sai Sandeep™

"2 assistant Professor, Electronics and Communication Engineering, SACET, INTU Kakinada
Chirala, Andhra Pradesh, India

“premtagore@gmail.com

#yiswanathponugoti@gmail.com

# pssistant Professor, Electronics and Communication Engineering, SACET, JNTU Kakinada
Chirala, Andhra Pradesh, India

#Ssaisiddhu.gg@gmail.com

1.Abstract:

The commonly used direct-conversion Radio Frequency (RF)
chips exhibit an additive 1//baseband noise around the DC.
The 1/ noise level increases as the transistors inside the RF
chip become ever smaller. This type of noise mainly affects
the low frequencies and can be very significant for small
frequency allocations around the DC in Orthogonal
Frequency-Division Multiple Access (OFDMA) systems. In
this article we present the effects of such 1/ /baseband noise
on small frequency allocations for a Long Term Evolution
(LTE) User Equipment (UE). We proceed to estimate the 1//
baseband noise. Suppression of the 1// baseband noise is
achieved by subtracting the estimated 1// baseband noise
from the received signal. We show that considerable
processing gain is achieved when the 1// baseband noise
suppression is applied.

Index Terms—1/f noise, OFDM, direct conversion,
baseband noise.
2.INTRODUCTION
As  Very-Large-Scale Integration (VLSI)

technology advances, the transistors inside chips
become consistently smaller. One harmful effect of
this down-sizing is the evolution of stronger 1/f
noise. As the feature size of Metal Oxide
Semiconductor (MOS) devices is scaled to achieve
higher speed and greater packing density, the flicker
noise, or 1/f noise, spectra increases as 1/L°ygmin
where Lgminy IS the minimum gate length [1, and
references therein]. This 1/f noise is additive by
nature. Due to the 1/f noise spectral shaping, it
mainly impairs frequencies around the DC. Such
1/f noise is common in baseband Analog Front
Ends (AFE) utilizing Direct-Conversion RF (DCR)
[2], used by many communication systems such as
OFDMA transceivers. In [3], the effects of 1/f

© 2013 IJAIR. ALL RIGHTS RESERVED

noise in the transmitter were considered for OFDM
systems by evaluating the Error Vector Magnitude
(EVM). For a wide-band system, impairment of a
small subset of frequencies around the DC may be
insignificant. However, in OFDMA systems, the
frequency allocation to a specific user might be a
small one around the DC. Such a frequency
allocation would be seriously affected by the 1/f
noise. In fact, in the 3GPP Long Term Evolution
specification (LTE) [4] the basic allocation unit,
termed Resource Block (RB), consists of twelve
subcarriers. The subcarrier spacing in LTE is
15KHz, thus one RB has 180KHz bandwidth. A
User Equipment (UE) may be allocated a single RB
near the DC, and thus it is important to study the
effects of the 1/f baseband noise on overall
performance. One way to mitigate the effects of the
baseband 1/f noise would be to pre-compensate at
the TX with a small power increase around DC.
However, as each receiver is likely to have a
different level of 1/f noise that depends on
implementation and also on external parameters
such as temperature, the base-station TX will have
to be notified by each receiver of this value. This
will place an excessive load on the UE uplink.
Furthermore, this will only be applicable in case the
Channel State Information (CSI) is perfectly known,
which is not commonly the case; especially at high
speeds. In this paper we investigate the effects of
1/f baseband noise on a small frequency allocation
for an LTE UE. We further utilize the 1/f noise
model in [5] to estimate the 1/f noise. We show
that suppression of the 1/f noise by subtracting the
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estimated 1/f noise from the received signal, results
in a significant processing gain. The estimation of
the 1/f noise is done by the well-known Kalman
filter [6], which computes a new estimate for every
received sample. This type of processing is
appropriate for real-time systems such as an LTE
UE transceiver. The UE transceiver will be most
vulnerable to the 1/f baseband noise while
receiving a very weak signal while operating in
sensitivity, which is defined as the minimum signal
received from the antenna connector [7]. The
reception at sensitivity is a very important
parameter in a cellular system, since it determines
the transceiver’s capability of operating at the cell
edge. This in turn, determines the possible spatial
separation of the costly base stations, termed
evolved Node B (eNB) in LTE. In section 3 we
define the system model. In section 4 we present a
scheme for estimating the 1/f baseband noise using
a Kalman filter. In section 5, an applicative example
is given for an LTE UE transceiver. We explore the
damages of the 1/f baseband noise on small
frequency allocations around the DC. We suppress
the 1/f noise by subtracting the 1/f noise
estimation from the received signal. The
suppression of the 1/f noise results in considerable
processing gain. Concluding remarks are given in
section 6.

3.SYSTEM MODEL

In [5] a 1/f noise model is developed that consists
of N +1first-order differential equations, where N is
a model parameter determining the accuracy of the

1/f model. The 1/f noise model is given by
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where v(t) is a white Gaussian noise process with
unit spectral density and ¢(t) is the approximated
1/f Gaussian process. Thus, the N approximation
to the 1/f noise process is an output of a Markovian
system of N+1 linear stochastic differential
equations of It6 type [8]. The equations in (1) can
also be written in vector form

x(t) = Fx(t) + Gu(t) (2
where the matrices F and G are glven by
-3 -4 -4 -4
—4 -7 B . - 4
Fo|—4 -8 -11 -1z -6 3
-4 -8 -1z —4N—-1 2N
-4 -8 -12 —-aN  -2N-1
and
2
4
G= : 4)
2N
2(N +1)
respectively and the state vector x(t) is defined as
an (t)
2v-2(t)
X(t)= (®)
2 ()
[16)

The dimensions of F, G and x are (N + 1)x (N + 1),
(N +1)x 1and (N + 1)x 1 respectively. The model
for the 1/f noise in (2) is for continuous time
whereas a discrete time model is needed. The
solution to (2) can be derived by integration. Such
integration can be achieved by using Van Loan’s [9]
work that employs a diagonal Padé approximation
with scaling and squaring. Kasdin [10] employed
Van Loan’s %wdrk to dgrive a discrete time model

i e shall use the formalism

in [10] to déwelop a d screte time model for (2).

C:[_F QG?T] k=1
0
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where F and G are defined in (3) and (4)
respectively. The parameter Q is used to control the
intensity of the 1/f noise. The dimensions of the
matrix C are (2N+2)x(2N+ 2). Next let us define the
matrix

=3 7 (7)

where At is the desired time span between two
samples of the discrete process. The dimensions of
the matrices F,, G, and F3 are (N + 1)xX(N + 1).
Now using (3) and (7), we shall define

Qe = F'G2
_ ,Fi‘w
b = ¢ (8)

both having dimension (N + 1)x (N + 1). Using (8)
the discrete model is given as [10, eq. 53]

Err1= D& + Wi 9
where wy is an Independent and Identically-
Distributed (1ID) Gaussian vector process with
covariance matrix Qq. The last element of & is the
desired 1/f sampled process and shall be denoted
by ¢«. Thel/f noise level is determined by the
parameter Q in (6), with spectral density

Y Q

ol = 91 (10)
During a symbol time T, the complex envelope of
the transmitted OFDM signal can be expressed as

[11]
s(t) = |h(t) ® Qm 2T
5 ( 3 Z £ ) (11)

The data am modulates the sinusoid at frequency
m/T during the OFDM symbol time T. The channel
impulse response is denoted by h(t). Usually, a few
samples from the end of a symbol are copied and
inserted at the beginning of the symbol. The
samples inserted at the beginning of the symbol are
termed Cyclic Prefix (CP), and are used to avoid
Inter Symbol Interference (ISI) due to the time
dispersiveness of the channel h(t). The received
complex signal rk at the transceiver’s baseband,
after sampling at the appropriate rate, may be
written as

Tk=Sk+Vk+ Qi+ jox

(12)
WHERE v IS A CIRCULAR COMPLEX ADDITIVE 11D GAUSSIAN

THERMAL NOISE PROCESS AND BOTH ¢k ¢por HAVE
SPECTRAL DENSITY (10). THE THERMAL NOISE v, VARIANCE

© 2013 IJAIR. ALL RIGHTS RESERVED

Vol. 2 Issue 7

ISSN: 2278-7844

IS DEINED SUCH THAT IT HAS Ny VARIANCE FOR EVERY
SUBCARRIER IN THE FREQUENCY DOMAIN

4.BASEBAND 1/f NOISE ESTIMATION
SCHEME

The sk component in (12) can be viewed as noise
for the sake of estimating the 1/f noises ¢;x and
¢o.k. In fact, since the OFDMA signal is composed
of randomly phased symbols in the frequency
domain, the resulting time domain samples after
Inverse Fast Fourier Transform (IFFT) have
Gaussian noise like behaviour. Using the discrete-
time 1/f model (9), the well-known Kalman filter [6]
is applied to estimate the noise processes ¢;x and
¢o.k. The observation is given in (12) where s +vi
is the observation noise. The estimation of ¢y shall
be done on the real part of ry, whereas the
estimation of ¢q « shall be done on the imaginary
part of r«. In the sequel, the notation "~ ¢y, « Shall be
used to denote the separate estimation of the real
and the imaginary parts of the baseband 1/f noise.

When the observation "'k in (16) equals the real

part of 7y, then “*I% is the estimate of ¢k and

when Tk equals the imaginary part of 7y, then#sx
is the estimate of ¢k The estimation of
{_:"3';\.”‘. == H‘fk”x‘

shall be recursively computed using the Kalman
filter, where H is given by

HT = | : (13)
0
— 1 =
The first step is the prediction stage
Ekjr—1 F& e (14)
Pﬁ' k—1 = FP;\._ll;‘._lFT'FQd ‘1."—"

where the a-priori predicted estimate state ~ £k|k—1
is given by(14)

P TABLE I
and the a-priori SIMULATION PARAMETERS
predicted
estimate Parameter Unit | Value
. TII me 1
covariance Symbols in Slot 7
Slats in Sub-frame 2
Bandwidth MHz 10
FFT size 1024
Goand tones per s1rnbol 424
Mumber of uszble tones £00
Number of lavers 1
Coding Rate 021
Modulation QPSKE
MICS 5
Number of RBz per OFDM svmbol 20

Reference signsl boosting dB
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Pk|k—1 is given by (15). The second step is the
update stage

e = Te—HE ;4 (16)
S, = HPu,H"+R (17)
Kr = Py H'S' (18)
é;\.”‘. = é;‘.“\._l + Kpry, (19)
Py = (I-KpH)Ppj_,y (20)

where the observation T in (16) is either the real
or imaginary part of the k™ sample entering the
receiver, R in (17) is the variance of sk + v in (12),

"k is the innovation (16), Sk is the innovation
covariance (17), K is the optimal Kalman gain (18),
&f" is the updated state estimate (19) and P klkis
the updated estimate covariance (20).

We define the initial conditions as

£opp = 0, Pojo = Qa.

The variance R in (17) needs to be estimated from
the received samples. One option is to estimate the
power of the received samples at the output of a
high-pass filter with a low frequency cut off at the
1/f noise corner frequency [3]. Another option is to
estimate R by subtracting the estimated 1/f noise
power from the total power of the received samples.
This method was adopted for the simulations results
presented in this paper. The power level Q of the
1/f noise, and subsequently the matrix Qa, can be
determined at RF calibration. The 1/f power level
Q is due to the physics of the implementation and
will change slowly as a function of external
parameters such as temperature. These changes can
be tracked by periodic RF calibrations or by using
the output of the proposed estimation scheme. In
fact, by tracking the changes of the 1/f noise level
using the output of the estimation, one can
indirectly monitor changes in external parameters
such as temperature changes. The reliability of the
1/f estimation can be determined through the (N
+1,+1)element of Pk|k (20), which is the estimated
error variance of the estimation. It is important to
note that many elements in the estimation process
are scalar values, and most importantly Sy in (17) is
a scalar and thus the matrix inversion in (18) is
replaced by simple scalar division. In the low SNR
(see 24) scenarios, the estimation of the 1/f noise

(21)
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and consequently its suppression, result in a
substantial processing gain. The stronger the 1/f
noise, the higher the expected processing gain that
results from the 1/f noise suppression since the
noise, that is actually the desired signal plus
additive thermal noise, remains constant.

A. 5. LTE UE TRANSCEIVER-AN APPLICATIVE
EXAMPLE

B. To demonstrate both the effect of the 1//baseband noise
and the effect of its suppression, the LTE cellular
specification is given as an applicative example. A
10MAHz bandwidth LTE eNB signal is simulated passing
through an EVA channel A(§ [12, Appendix B.2],
between the transmit (TX) antenna and receive (RX)
antennas. The handset speed relative to the eNB is
38A4mph, which translates to 704z Doppler spread for
carrier frequency of 264z The eNB is configured with
one TX antenna and the UE is configured with two RX
antennas. The receiver implements a Maximal Ratio
Combining (MRC) decoder [4] to detect the incoming
signal in the frequency domain, after the usual Cyclic
Prefix (CP) removal and the transition to the frequency
domain by the application of a Fast Fourier Transform
(FFT). Perfect timing and frequency estimation is
assumed. A frequency domain Linear Minimum Mean
Square Error (LMMSE) Channel Estimator (CE) using
the nearest five Reference Signals (RS) is applied for
every data subcarrier. Other simulation parameters are
given in table I. The additive 1// baseband noise in the
simulation is generated by using (9) with model order of
A/ =100. Note that later, the estimation of the 1// noise
by Kalman filter shall use (9) with a model order of /=5
to simplify the receiver implementation. Furthermore,
the 1// baseband noise is also generated by an
independent exact model [10]. By generating the 1//
noise using an independent model, it is demonstrated
that the estimation of the 1// noise is not tailored solely
to the model developed in this work. It is important to
note that the estimation of the 1// noise in the receiver
using the Kalman filter is still based on the model in (9),
regardless of the way the 1// baseband noise was
actually generated. For completeness the 1/ /noise model
in [10] is reproduced below

L

@n == Z — Eﬁn—k + u,

C. =1 22)
D. where the coefficients ay are given by
1 a,—1
ap=1la,=(k—1-2)=
E. 2k (23)
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F. and 72 is an

IID Gaussian random variable with
variance ¢. Although this model is useful for generation
purposes, it does not allow direct application of a Kalman
filter for estimation. The run time for the exact model is
significantly longer than the run time for the
approximated 1// noise model, since in the exact 1//
noise model the generation of each new sample involves
all of the previously generated 1/ / noise samples. In fact,
this strong dependency of each new sample on past
samples is exactly the reason why the slowly changing
characteristics of the 1// noise can be estimated. In Fig.
1 the results for a single RB allocation near the DC are
presented. A 10MAz LTE signal consists of fifty RBs,
twenty-five on each side of the DC. The allocated RB is
twenty-five, where the first RB having the lowest
frequency is termed RB zero. The x-axis in Fig. 1
represent the SNR defined as

£
No

SR =

. Where £s is the subcarrier mean energy, and A, is the
white thermal baseband noise energy for a single
subcarrier. In Fig. 1 four types of curves are shown: the
BLock Error Rate (BLER) when the 1// baseband noise
is not present, the BLER in the presence of the 1//
complex baseband noise and the BLER in the presence
of thel// complex baseband noise, generated both by
using the model (9) and by using the exact model (22),
after suppression of the 1/ /complex baseband noise. The
1/ noise estimation was done using the model in (9) with
model order of # =5. This means that the matrices in
(14)-(20) £, Prip-1, Pr-1j#1and @z are of dimension 6x6
and that the vectors &1, 161, H and Ky are of
dimension 6x1. Thell/ £ noise strength is defined using @
(10). The 1/f noise strength is sometimes defined by a
corner frequency which corresponds to the frequency
where the 1// noise spectral density equals the system
noise floor. Bipolar devices typically have corners of tens
or hundreds of Hz, whereas MOS devices have corners of
tens of KHz to a few MHz [3]. Let us assume SNR level
of 0&% for example. Since 0Z& SNR means that the noise
power is equal to the signal power inside one 1547z
subcarrier, the thermal noise power spectral density is
1/15000 assuming £s =1. A corner frequency of 1Az
means

Q_ - = ! : (25)
27108 15 =% 103
. Thus, for a 1MHAz corner frequency we get

¢=26.24F.For simulation and understanding purposes it
is convenient to normalize Zsto one when SAZ=047. In
real applications the thermal noise and 1// noise are
determined by the physics of the implementation, and
changes in £s cause the changes in the SA/Z Multiplying
the triplet signal level, thermal noise level and 1// noise
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level by a constant does not change the performance. In
Fig. 1, @is defined to be in the range of 19—23 4% (cut off
frequency between 190477z and 476 Az respectively).

Ddds kAR08 A

s —— =

Eie it Wiew lnsen Tools Desktop Window belp

2 08 eD

Fig. 1. BLER for single RB allocation near the DC.Solid
curves denote the normalized throughput when
suppression of 1/ £ noise is applied, the generation of the
noise is done using an approximated 1// with # = 100
for lines with circles and using an exact model for lines
with pluses. Dashed curves denote the BLER when no
suppression of 1// noise is applied. For reference, the
BLER when no 1/ noise is present is denoted by a dash-
dot curve. @ is defined to be 1945, 21dF, and2347 that
correspond to a cut off frequency of 19047%z, 30047%z,
and476 A4z respectively. All results are based on the
simulation of 100 frames

M. A significant gain can be seen for BLER smaller than 0.3.

0.

Common practice is to target a UE to work in a setting
where the BLER is between 0.1 and 0.3. For higher
BLER levels, we can expect a lower MCS. It can be seen
that the degradation of performance rises quickly for
small increments of the 1// baseband noise level. In
general, this relaxation in 1// noise tolerance may be
translated to a simpler AFE design and to lower power
consumption. It can also be seen that the results are
almost exactly the same whether the 1// noise was
generated by the approximated model or whether it was
generated by the exact model. To get a better picture of
the estimation process of the 1//baseband noise, in Fig.
2 the real part of the received sampled signal 7z the real
part of the 1/ baseband noise and the estimation of the
real part of the 1/ /baseband noise are presented. In Fig.
2 it can be seen that the estimation of the 1// noise
follows the low frequency variations of the 1// noise.
Considering sz + 2 to be the desired signal,

the Normalized Mean Square Error (VMSE) before the
1/ f noise suppression is defined

S |or ke + jdor|

NMSEy.fore = 10log;g S~ [ss + vsl?

(26)
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P. For example, the VM5S£ is calculated for @ = 2447

before the 1// noise suppression to be —4.8dB. In a
similar fashion the /MSZ after the 1/ /noise suppression
is defined

B Figure 1

File Edit View [nsert Tools Desktop Window Help

EEEEIREEE AR =R

T T T T T T
iff noise
—— estemated data
151 \D N —— received
1H 4

L L L L L L L
0 10 20 30 40 50 60 70 80 90 100

Vol. 2 Issue 7

[E=pEsc

- 3 - . 7-.- 2
e bri+ jdar — b — jdarl?
_-\-_-"nber;;fr:w=l(JIungl Lk + JbQ.k — 01k — jOQuk|

N .27
Z sp + ':’;.-|— )

. For the same data, the AMSE after the 1// noise
suppression resulted as —6.7d5. In case of perfect
cancelation, the ANMSE is —o .As the sum of signal
strength and thermal noise decreases or as the 1// noise
strength increases,

Fig. 2. Time domain phase noise estimation: the blue
signal is the received signal, the green signal is the 1//
noise, and the red signal is the estimation of the 1/ /noise
from the received signal.

. the potential gain and the achieved gain increase. Since
the approximation of the 1// noise turns out as a linear
system of first-order stochastic differential equations
driven by white Gaussian noise, the Kalman filter gives
the best estimator having the minimal Mean Square
Error (MSE) and thus the minimal achievable AVMSE
after noise cancellation. A consistent allocation of one
RB adjacent to the DC is unlikely for systems with a high
bandwidth. However, studying the effects of this type of
allocation is important since it concentrates on the
impairment of the 1// baseband noise. This type of
allocation will occur more frequently in a 1.4M4z L TE
system where there are only six RBs, two of which are
adjacent to the DC.

. For high MCS with a wide- band allocation, the
impairment of a single RB can have severe implications.
As the size of the frequency allocation grows bigger, the
dependency on the subcarriers near the DC, affected by
the 1// baseband noise, will become smaller. However,
even for large frequency allocations, the suppression of
the 1// baseband noise can become helpful for high
enough coding rates where the redundancy is small
enough such that each subcarrier counts. In Fig. 3

© 2013 IJAIR. ALL RIGHTS RESERVED

ISSN: 2278-7844

results are shown for a six RB allocation around the DC,
which constitutes the maximal frequency allocation for a
1.AMHz LTE system. In the figure, the BLER is given as
a function of ¢ for constant £s/A =644. The channel
used for the simulation was EVA with UE speed of
38Amph. It can be clearly seen that the 1// baseband
noise suppression is useful for larger allocations than
one RB adjacent to the DC. Another insightful
representation of the gains that result from the 1//
baseband noise suppression, is to graph the processing
gain in the y-axis vs. the remaining 1/ / noise level after
suppression in the x-axis. The remaining 1// noise level
after suppression is given as the ratio between the
residual level of 1/ / noise after suppression and between
the 1// noise level before suppression. Note that the
remaining 1// noise level after suppression is a value
between zero and one. In Fig. 4, such curves are
provided for 1/ /baseband noise levels of ¢ = 1945, ¢ =
21dF and @ = 23d# (corresponding

10° -

R 72

_i| — without noise suppression
noise suppression

Fi
g. 3.BLER for six RB allocation around the DC. Solid
curve denotes the BLER when suppression of 1/ /noise is
not applied. Dashed curve denote the BLER when
suppression of 1/ noise is applied. All results are based
on the simulation of 100 frames. The channel was EVA
with UE speed

of 38A7nph. The SNR £/ M, was set at a constant 625, ¢
is defined to be in the range of 22-27d4F (cut off
frequency between 378 A4z and 1.2 Az respectively).

= _— Y -

[E=SE
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Fig. 4. Processing gain vs. the remaining 1// noise level
after suppression. Curves are given for 1// noise level @ of
19475, 2145, and23d4A that correspond to a cut off frequency
of 19047z, 300Kz and476 Az respectively

to cut off frequencies of 3004%z 476KHz and 7554z
correspondingly). For the same level of normalized
remaining baseband noise, the processing gain is higher
when the value of @ is higher. This is because the total level
of noise suppressed when @ is higher is larger for the same
normalized remaining noise level. In all previous examples a
noise model of approximation order A=5was used for the
estimation. The approximation order greatly affects the
complexity of the suggested scheme. To determine what
approximation order is required for good noise suppression,
we simulated a six RB allocation around the DC with
constant ¢ = 1944 and different approximation orders
ranging from one to six. The channel used for the
simulation was EVA with UE speed of 38 A7p/4. The results
are given in Fig. 5. It can be seen that an approximation
order of #=5 is enough in order to

V. achieve good results.

L L L
4 45 5 55 6
SHR{48)

X. Fig. 5. BLER for single RB allocation near the DC. The
1/ £ noise level was set at @ = 1947 (cutoff frequency of
19047z). Approximation order A'used for the estimation
of the 1/ /' noise was set to values ranging from one to six.

Y. The estimation of the 1// noise is applied to each new
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the 1/ /baseband noise on small frequency allocations
near the DC were investigated, using the LTE UE as an
applicative example. A scheme for the suppression of the
1/ £ noise was suggested. Finally, it was shown that
application of the 1/ /noise suppression scheme results
in significant processing gains that can be utilized to
simplify the design and implementation of the AFE.
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