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Abstract — The aim of this study is to reduce the effect of in-band interference Keywords -
in delay profiles estimated from frequency modulated continuous wave sounder in-band interference,
channel data. In-band interference distorts the detector output signal, and RF interference (RFI),
increases the noise floor of delay profiles, which obscures weak multipath Eigenvector method,
components. This study shows that the Eigenvector method can be used to frequency modulated
improve estimates of delay profiles from FMCW channel data corrupted with in-  continuous wave, Fast
band interference. Fourier Transform (FFT),
delay profile

1. Introduction

Frequency modulated continuous wave (FMCW) systems have been used for various
applications such as channel sounding [1] and automotive radar [2, 3]. This technique
provides better resolution of position and enables low power transmission.

In-band interference, also known as radio frequency interference (RFI), is defined as an
unwanted transmission operating in the same radio frequency band as the desired signal.
Being within the band of the desired signal, the interfering signal is not suppressed by the
front end filter of the receiver. In band interference distorts the detector output of the
FMCW sounder. The interference manifests itself as abrupt fluctuations in time domain [4]
and increased noise floors in Average Power Delay Profile (APDP) [5] and average
Doppler profiles. This effect becomes more severe when power and/or bandwidth of the
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interfering signal increases and, if not mitigated, may result in loss of channel data.
Attempts are therefore made to reduce the effect of interference.

Several methods have been proposed. The most common is to clip the amplitude of the
corrupted section of data or to add zero data in place of the corrupted section [3, 6-7].
These methods are generally used whenever the bandwidth of the interference is narrower
than the RF bandwidth. Other methods are to use Prony modelling [8] or to use subspace
based methods [9].

Subspace methods (also known as high resolution methods [10] or Eigenvector methods
[11]), are based on Eigen-decomposition of the autocorrelation matrix into signal subspace
and noise subspace, and are used for frequency estimation. These methods include
Pisarenko harmonic decomposition (PHD), multiple signal classification (MUSIC),
Eigenvector (EV) and min norm (MN) methods. The subspace methods have been used for
different applications such as direction of arrival (DOA) estimation [10], feature extraction
[11], APDP and Doppler spectrum estimation [12]. Eigenvector methods produce
frequency spectra of high resolution when the signal-to-noise ratio is low [11]. MUSIC,
PHD and EV methods were compared with FFT for DOA estimation and for two sources,
the EV method was better than all other methods regards error in resolution [10].

In this study, the EV method [13] is investigated for estimating delay profiles from FMCW
channel data corrupted with interference. The paper begins with an introduction of the
Eigenvector method and describes and presents FMCW channel data and effect of in-band
interference. Processing steps for the EV method are then described which is followed by
assessment of delay profile estimates from EV method compared to those from FFT
processing.

2. Eigenvector Method

A signal x(n) that is defined as sum of p complex exponentials and additive noise can be
written as [14]:

P
x(n) = z A; exp(jwin) + w(n) 1)
i=1

where A; is amplitude of i-th complex exponentials (4; = |A;|lexp(jg;)), wi is frequency of
i-th complex exponentials and w(n) is white noise that has a variance of o2.

The Eigenvector method is a subspace method which is based on Eigen-decomposition of
autocorrelation matrix of the original signal (R,) into signal (Rs) and noise autocorrelation
(Rn) matrices: an MxM autocorrelation matrix Ry is then the sum of the autocorrelation
matrix of the signal (R;) and the autocorrelation matrix of the noise (R,). The Eigenvectors
of Ry are divided into two groups: if we assume the rank of Rs is p, then this gives signal
Eigenvectors (vy, ..., vp) and noise Eigenvectors (Vp+1, ..., V).

Each vector in the signal subspace (e;, ..., ep) is orthogonal to each of the noise
Eigenvectors (Vp+1, ..., vm). This orthogonality property of signal and noise subspaces is
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used for estimating frequencies in spectrum of x(n). Pseudospectrum of subspace methods
are given as:

1

a;leflv;|?

ﬁ(ejw) =M

i=p+1

()

where o; are coefficients.

As given in equation (2), if a; = 1 and M=p+1 then this method is defined as PHD, if
a; = 1 then this method is defined as MUSIC, if a; = 1/4; where A; are the Eigenvalues
then this method is defined as EV method. In this study, the frequency estimation function
IS:

~ . 1
PEV(ejznf) =
1 3)
s 1l

3 FMCW Channel Data

In FMCW systems where the transmitted frequency is changed linearly over sweep period,
the transmitted signal is given as eq. (4):

vr(t) = Arcos[pr(t)] = Arcos |2nf-t + n?tz 4)

where Ar, fo, B and T are the amplitude of the transmitted signal, the carrier frequency, the
bandwidth, the sweep repetition period, respectively. The transmitted signal arriving at the
receiver via different paths may be attenuated, delayed and Doppler shifted. This is known
as multipath propagation. A transmitted signal arriving at the receiver via L separate paths
will have L multipath components, and the received signal can be written as eq. (5):

vep(t) = ZARi cos [ZHfC(t —1;) + ng (t —1;)? (5)

At the receiver, the received signal is multiplied with a replica of the transmitted signal and
applied to a low pass filter in order to remove high frequency components after the
frequency mixer.

As can be seen from Equation (5), the output of channel sounder will be a sum of
sinusoidal signals. The frequencies of the sinusoidal signals correspond to time delays of
the multipath components and the amplitudes correspond to the amplitudes of the multipath
components. The APDP of the channel data can provide information on the time delay and
amplitude of the multipath components. The APDP can be obtained by Fourier
transforming the data from each sweep and taking the average of the magnitude squared
over time (i.e. across sweeps) or by using any other spectrum estimation technique.

When the instantaneous frequency is changed linearly over the sweep period, the
instantaneous frequency is linearly related to the sweep time. Therefore, this approach
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makes it possible to obtain channel parameters for any desired section of the RF band, or
identify whether there are other signals being transmitted in the RF band, i.e. in-band
interference. In the presence of in-band interference, the interference undergoes the same
process at the detector as the desired signal. In-band interference causes abrupt changes in
the detector output signal in the time domain, and will increase the noise floor of the
APDP. The detector output signal will no longer appear as a sum of sinusoidal signals over
the section of a sweep that corresponds to the RF band of the interfering signal.

3.1 Measured Propagation Data

The propagation data used in this study was collected in the Manchester city center using a
FMCW sounder [4]. The instantaneous RF frequency was changed linearly over the sweep
period. The center frequency of the transmitter was 1945 MHz with 60 MHz bandwidth.
The transmit antenna was located 46 m above street level, and the receive antenna was
2.5 m above ground. Two sweep periods were used; 10 ms and 4 ms.

During analysis, in-band interference was observed in the data at a number of locations.
The level of interference at some locations was so high that the noise floor of APDPs for
5 MHz subsections was increased to -10 dB or above, and made the data unusable for
statistical modelling.

3.2 Effect of In-band Interference

Fig. 1 presents an example of channel data with in-band interference. The data for one
complete sweep is given as Fig. 1.a; a section of the sweep without interference as Fig. 1.b
and a section of the sweep with in-band interference as Fig. 1.c. The sections of sweeps
presented in Fig. 1.b and 1.c correspond to 5 MHz sections in RF band. In the absence of
interference (Fig. 1.b) the detector output is a sum of sinusoidal signals, however
interference causes an abrupt change in the amplitude of demodulated signal (Fig. 1.c).
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Figure 1. Time domain signal for the channel 1 (CH1) data
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The APDPs corresponding to the two 5 MHz sections, with and without interference, (Fig.
2) were obtained using FFT method (average the power spectrum of all the sweeps).The
figures show that the noise floor of the APDP increases with in-band interference, which
will obscure late-arriving weak multipath components. In this example, the noise floor of
the APDP is well below -30 dB for the interference-free section, and increases to about -15
dB for the section with in-band interference. This also shows that the conventional FFT
technique for obtaining delay profiles fails to eliminate the effect of interference.
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Figure 2. APDP of CH1 data

3.3 Eigenvector Method for Estimating Delay Profile

The process of estimating delay profiles with the Eigenvector method can be divided into
four main steps:

1.

Determine each section with interference corrupted data and select a window of 2N
samples about the interference that corresponds to a bandwidth of interest which is
5 MHz or 3.3 MHz in this study.

Take the Discrete Fourier transform of the 2N samples for each sweep and keep the
positive half of the frequency spectrum.

Calculate inverse Discrete Fourier transform of the spectrum from the step 2 to
create a signal in a form given in eq. (1), and place the results row-wise into a
matrix X,, an KxN matrix where K is the number of sweeps.

Apply the Eigenvector algorithm to each row of the x, matrix and average across
the rows, i.e. over time, to obtain the average delay profile.

3.4 Examples

The two techniques (FFT and EV) are applied to two examples of data with interference to
demonstrate that early- and late- arriving weak signals are detected.
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3.4.1 Channel 1 Data

Fig. 3 presents the average delay profile for channel 1 data for both the FFT method (red)
and the Eigenvector method (black). As is seen, the Eigenvector method detects the weak
multipath components with 10-14 us time delay not detected with the FFT method.
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Figure 3. Average delay profile of CH1 data

3.4.2 Channel 2 Data

Fig. 4 presents the average delay profile for channel 2 data for both FFT (red) and
Eigenvector (black) methods. Here the Eigenvector method detects the weak multipath
components with 5-10 us delay not detected with the FFT method.
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Figure 4. Average delay profile of CH2 data
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4 Conclusions

This paper describes the effect of in-band interference on the output of the detector of an
FMCW sounder, which manifests as abrupt fluctuations in the time domain. This increases
the noise floor in the APDP, and using the conventional FFT method to estimate delay
profile fails to detect weak multipath components. The paper presents how the Eigenvector
method, a high resolution spectrum estimation method, can be used to detect weak
multipath components, otherwise not detected by the FFT method.
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