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Abstract 
To cancel wideband feedback interference signals that 

enter the receive antenna via near-by reflectors from the 
transmit antenna of the radio repeater, the wideband input 
signal is first split into several narrowband signals by 
narrowband filters. Interference cancellation (ICAN) is then 
performed on each split narrowband signal separately. As a 
result, the major portion of the complexity of a feedback 
ICAN system in a wideband radio repeater is accounted for 
by input and output filtering for spectrum control instead of 
the complexity of the ICAN algorithm itself. In this work, to 
reduce the overall complexity of the feedback ICAN system, 
a frequency sampling filter that is efficiently designed in the 
frequency domain when the filter’s frequency response has a 
narrow bandwidth is applied to input and output filtering for 
spectrum control. The proposed filtering method reduces the 
complexity of the feedback ICAN system to less than a half 
that of the conventional system with no performance 
deterioration. 

1. Introduction
As broadband radio internet services are becoming more 

popular, the importance of wideband radio access 
technologies is rapidly increasing in mobile communication 
systems. In such wideband mobile communication systems, 
wideband radio repeaters that use the same frequency for 
signal transmission and reception are a cost effective 
solution to the problems of expanding cell coverage and 
clearing shadow areas within the cell coverage [1]. However, 
feedback oscillation of a radio repeater occurs in a closed 
loop composed of the repeater and the feedback channel 
between the transmit and receive antennas of the repeater 
when the repeater’s gain is larger than the isolation between 
its transmit and receive antennas [2]. Thus, interference 
cancellation (ICAN) techniques have been used to prevent 
feedback oscillation of radio repeaters so that the maximum 
available output power of the repeater can be used [3]-[6]. 
Analog ICAN techniques cancel the feedback signal using 
an estimated feedback signal, which is formed from the 
estimated amplitude, phase, and delay of the feedback signal 
[3]-[4]. Digital ICAN techniques are based on an adaptive 
filter on which an iterative algorithm is implemented to 
estimate and cancel the feedback signal [5]-[6].  

Unlike a narrowband feedback ICAN system (FICANS) 
utilized in radio repeaters, where the FICANS performs 

necessary ICAN for a incoming narrowband signal, a 
wideband FICANS in a radio repeater first splits a wideband 
signal such as a wideband code division multiple access 
(WCDMA) signal with four frequency assignments (FAs) 
over 20 MHz frequency band into several narrowband 
signals with one FA. ICAN is then performed separately for 
each narrowband signal to obtain the required ICAN 
performance. As a result, the wideband FICANS needs 
tremendous computation power to perform wideband 
feedback ICAN.  

In this paper, the complexity of the FICANS for a 
wideband radio repeater is analyzed. Based on the analyzed 
results, a frequency sampling filter, which is efficiently 
designed in the frequency domain when the filter has a 
narrowband frequency response, is applied to input and 
output filtering for spectrum control in order to reduce the 
overall complexity of the FICANS.  

The structure, algorithms, and complexity of a FICANS 
for a wideband radio repeater are described in Section 2. In 
Section 3, a frequency sampling filter that is efficiently 
designed in the frequency domain is presented. The validity 
of the proposed filtering method is confirmed by a 
complexity analysis and a computer simulation in Section 4. 
Finally, conclusions are presented in Section 5. 

2. A radio interference cancellation repeater
2.1. The structure of a radio ICAN repeater 

The structure of a typical radio ICAN repeater [5]-[6] is 
illustrated in Fig. 1. The repeater is comprised of a downlink 
block, an uplink block, a set of a donor antenna and a 
duplexer (DPX) assigned for a base station (BS), and a set of 
a service antenna and a DPX facing mobile stations (MSs). 
Since the downlink and uplink blocks have an identical 
structure, the structure of the downlink block only is 
explained below. It consists of a radio frequency (RF) 
receiver, an analog-to-digital converter (ADC), a FICANS, a 
digital-to-analog converter (DAC), and an RF transmitter. 
The RF receiver performs amplification, frequency down- 
conversion to an intermediate frequency (IF), and filtering 
for the incoming input signal in the analog domain. The 
analog IF signal is transformed into a digital signal by the 
ADC. Prior to ICAN, another frequency conversion, which 
can be done by a separate digital conversion block or by 
bandpass sampling, is normally performed to translate the 
digital IF signal to a baseband signal. This process is not  
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Fig. 1. The structure of a radio interference cancellation repeater. 

shown in Fig. 1 for simplicity. The FICANS executes the 
necessary ICAN at the baseband and its output is again 
transformed into an analog signal by the DAC. The RF 
transmitter subsequently performs filtering, frequency 
upconversion to the RF frequency, and power amplification 
required for radiation into the air in the analog domain. 

In the downlink from the BS to MSs, parts of the output 
signal emitting from the service antenna toward MSs enter 
the donor antenna via near-by reflectors. This feedback 
signal is combined at the donor antenna with the input signal 
coming from a BS and is amplified while passing through 
the downlink block. If the downlink gain of the repeater is 
larger than the isolation between the donor and service 
antennas, the feedback signal continues to increase every 
time it goes through a closed loop composed of the downlink 
path of the repeater and the feedback channel. Eventually, 
the repeater will oscillate if there is no FICANS in the 
repeater. However, a FICANS that is implemented in the 
repeater will cancel the feedback signal whenever it enters 
the repeater. Thus, the FICANS can prevent the downlink of 
the repeater from going into oscillation even if the downlink 
gain of the repeater is larger than the isolation between the 
donor and service antennas. The same situation, except for 
the signal direction, occurs in the uplink. 

Mobile communication systems that use a frequency 
division multiplexing scheme assign different frequency 
bands for signal transmission and reception. Since a radio 
repeater deployed in such systems has to relay two different 
signals in the downlink and the uplink, which experience 
different fading, it requires two independent FICANSs, as 
shown in Fig. 1.  

The main function of a radio repeater deployed for a 
service provider is to relay all signals that the service 
provider transmits for service and to remove all the other 
signals. Therefore, if the radio repeater relays a wideband 
signal such as a WCDMA signal that has four FAs over 20 
MHz frequency band, the FICANS in the repeater has to 
estimate and cancel the wideband feedback signal. In general, 
however, a wideband signal changes faster than a 
narrowband signal in the time domain, given that the two 
signals have the same center frequency. Hence, estimation 
and cancellation of a fast varying signal are more difficult 

than those of a slowly varying signal. For this reason, a 
wideband signal such as a WCDMA signal with four FAs is 
split into four narrowband signals with one FA before ICAN, 
as shown in Fig. 2. ICAN is subsequently performed for 
each split narrowband signal with one FA. The four 
interference cancelled signals are then combined to a 
wideband signal. Accordingly, an input filter having a sharp 
band selection characteristic is necessary to select a given 
frequency band from a wideband input signal before ICAN. 
On the other hand, insufficient rejection by an input filter 
due to an imperfect frequency response as well as inaccurate 
cancellation of the feedback signal by the FICANS at the 
transition and stop bands can cause partial oscillation 
frequency components to appear on the output power 
spectrum of the FICANS. Hence, an output filter is needed 
before the DAC to remove these unwanted spurious 
frequency components. In this work, it is assumed that the 
ICAN repeater relays a WCDMA signal with four FAs over 
a 20 MHz frequency band. A sampling rate of 50 MHz is 
used to avoid aliasing due to the ADC and to allow some 
filtering margin for post-signal processing. 

2.2. Interference cancellation algorithm
The conventional FICANS for a radio repeater is based 

on an adaptive filter on which an iterative algorithm such as 
the least mean square (LMS) algorithm or the recursive least 
squares (RLS) algorithm [8] is implemented for ICAN, as 
shown in Fig. 2. The adaptive filter is composed of a filter 
weight updater (FWU), a channel estimation filter, a delay 
block, and a summation block. It estimates the impulse 
response of the feedback channel, which corresponds to the 
coefficient vector w(n), using the FWU. It then generates an 
estimated feedback signal fE(n) with the channel estimation 
filter and w(n) that is provided by the FWU. The estimated 
feedback signal fE(n) is subsequently used to cancel the 
actual feedback signal f(n) in the input signal i(n). The 
iterative algorithm in the FICANS tries to minimize the 
mean square of the error e(n) between i(n) and fE(n). 

2 2 2{ ( )} { ( ) } {[ ( ) ( )] }
                 2 { ( )[ ( ) ( )]}.

E
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Since the input signal i(n) is assumed to be i.i.d. and the 
feedback signal f(n) is related to a series of the delayed input 
signal i(n-mk0) with m being an integer, i(n) and f(n) are  
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Fig. 2. The structure of a FICANS for a wideband radio repeater. 
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uncorrelated. For the same reason, i(n) and fE(n) are 
uncorrelated. Therefore, the mean square error E{e2(n)} in 
(1) becomes 

2 2 2{ ( )} { ( ) } {[ ( ) ( )] }.EE e n E i n E f n f n= + −  (2) 

Since the average power of the input signal E{i2(n)} can be 
assumed to be constant, minimizing E{e2(n)} is equivalent to 
minimizing E{[ f (n) - f E(n)]2} [7].  

The complexity and ICAN performance for two iterative 
algorithms, the LMS and RLS algorithms, are presented in 
this work. These two algorithms are summarized as follows:  

1) Least mean square (LMS) algorithm 
x(n) = [x(n-d), x(n-1-d), …, x(n-N+1-d)]T, the output 

signal vector with a length of N
w(n) = [w0(n), w1(n), …, wN-1(n)]T, the tap weight vector 
w(0) = 0, the initial condition 
fE(n) = wT(n)x(n-d), the estimated feedback signal 
e(n) = i(n) - fE(n), the error signal 
w(n+1) = w(n) + μe(n)x(n-d)
μ is a control parameter for the convergence rate and the 

excess mean square error 

2) Recursive least squares (RLS) algorithm
x(n) = [x(n-d), x(n-1-d), …, x(n-N+1-d)]T, the output 

signal vector with a length of N
w(n) = [w0(n), w1(n), …, wN-1(n)]T, the tap weight vector 
w(0) = 0, the initial condition 
P(0) = -1I,  is small positive constant 
For each instant of time, n = 1, 2, … , computes 

z(n) = P(n-1)x(n-d)

T

nn
n d nλ

z( )k( )
x ( )z( )

=
+ −

(n) = i(n) - wT(n-1)x(n-d)
w(n) = w(n-1) + k(n) (n)
P(n) = -1P(n-1)- -1k(n)xT(n-d)P(n-1) 

 is a control parameter 

The delay of the dominant feedback signal d may be 
obtained by correlating x(n) and i(n). 

2.3. The complexity of a wideband FICANS
The complexity of the FICANS in a radio repeater is 

mainly determined by the time invariant input and output 
filters for spectrum control as well as an adaptive filter for 
the ICAN algorithm. The input and output filters must pass 
only a given frequency band and remove other frequency 
components from the incoming wideband signal. Such sharp 
frequency responses can only be obtained by an enormous 
number of filter taps when they are implemented by finite 
impulse response (FIR) filters. This means considerable 
computation power is required to perform such narrowband 
input and output filtering. On the other hand, the complexity 
of an adaptive filter is determined by not only the length of 
the channel estimation filter but also the complexity of the 
iterative algorithm itself, which all depend on the feedback 

channel condition.  
To calculate the complexity of a FICANS for a wideband 

radio repeater, it is assumed that the input and output filters 
are implemented by nonrecursive FIR filters. The transfer 
function of such a FIR filter is given by 

FIRN
k

FIR FIR
k

H z h k z
1

0
( ) ( )

−
−

=

=  (3) 

where hFIR(k) is the impulse response of the NFIR-tap FIR 
filter. If the coefficients of the FIR filter are symmetrical, 
they may be implemented in a folded structure to reduce the 
number of necessary multiplications [9]. 

The complexity for input and output filters expressed by 
(3), and iterative algorithms presented above, is summarized 
in the upper part of Table I. The complexity is expressed by 
the numbers of multiplications and additions per sample, and 
their sums, on the condition that the multiplication and the 
addition require the same clock cycles. The million 
instruction per second (MIPS) for all cases is also shown. 
The lengths of the input and output filters used to calculate 
the MIPS have been selected so as to meet the output power 
spectrum requirements of the repeater [10]. The complexity 
of the input and output filters with a folded structure is listed 
as well. The numbers “8” and “4” used in the complexity 
calculation indicate that four FICANSs are necessary to 
perform the ICAN of a wideband signal with four FAs, and 
two filters are required for input and output filtering in a 
FICANS. As expected, the complexity of the RLS algorithm 
is much higher than that of the LMS algorithm. In particular,  
as the length of the filter N increases, the complexity 
difference between the two algorithms becomes more 
pronounced. Furthermore, the complexity (about 18,000 
MIPS) of two folded FIR filters for input and output filtering 
in a FICANS is higher than that (13,000 MIPS) of the LMS 
algorithm. Thus the complexity of the input and output 
filters for spectrum control in a wideband FICANS accounts 
for a major portion of the overall complexity of the 

TABLE I
COMPLEXITY COMPARISON OF INPUT AND OUTPUT FILTERS

 AND ITERATIVE ALGORITHMS

Type of 
filtera or 

algorithmb

Number of 
multiplications 

per sample 

Number of 
additions per 

sample 

Number of 
instructions 
per sample 

MIPS 

FIR filter 8(NFIR ) 8(NFIR-1 ) 8(2NFIR –1) 8×12,050 

Folded FIR 
filter 8(NFIR/2) 8(NFIR-1 ) 8(3/2NFIR –1) 8×9,025 

LMS 
algorithm 4(2N) 4(2N) 4(4N) 4×13,000 

RLS 
algorithm 4(N3+N2+4N) 4(N3+2N-1) 4(2N3+N2

+6N–1) 4×2.8×107

FFT filterc
8×Complex 

(NFFT×log2NFFT 
+NFFT)/K 

Complex 
(2NFFT ×

log2NFFT )/K 

Complex 
(3NFFT×log2

NFFT 
+NFFT)/K 

8×6,010

Frequency 
sampling 

filter 
8(2NFSF+6) 3NFSF+1 5NFSF+7 8×4,100

aFilter length used: NFIR = 121, NFFT = 1,024, NFSF = 15.  bFilter length  
used in the adaptive filter: N = 65. cOverlap add method is used and K is a  
segmented data length before block convolution.  
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FICANS. 

3. Frequency sampling filters for narrowband 
input and output filtering 

In general, traditional FIR filters are used in many digital 
signal processing applications, because they are easy to 
design and numerically stable and their phase is linear. 
However, in narrowband filtering applications where 
computational workload is heavy, there are more efficient 
filtering methods than the traditional FIR filtering method. If 
the length of a FIR filter’s impulse response is larger than 
approximately 30, fast Fourier transform (FFT) filters using 
a FFT-based convolution technique known as fast 
convolution are more efficient than traditional FIR filters 
using direct convolution in the time domain [9], [11]. 
However, there is a far more computationally efficient 
filtering method called the frequency sampling filtering 
technique whereby values of the filter’s frequency response 
are specified at equispaced frequencies and an 
approximation of the desired continuous frequency response 
is derived [9], [12].  

When the passband of a filter used in the FICANS is less 
than approximately a fifth of the sampling rate and the 
transition bandwidth is roughly less than an eighth of the 
sampling rate, frequency sampling (FS) filters are far more 
computationally efficient than conventional FIR filters [9]. A 
FS filter consists of a comb filter in cascade with a bank of 
NFSF complex resonators, as illustrated in Fig. 3 (c). The 
transfer function of the type-IV, even-N, linear phase, real FS 
filter HType-4(z) [9] is given by  

2 2/2

4 1 2 2
0

( 1) ( ) (1 )
( ) (1 ) .

1 2 cos(2 / )

kN
N N

Type
k

H k r z
H z r z

r k N z r zπ

−
−

− − −
=

− −
= −

− +
(4) 

In (4), the damping factor r, which indicates the radius of a 
circle on which the comb filter’s zero and the resonator’s 
poles are located, is slightly less than 1 so as to guarantee the 
stability of the FS filter. Computation reduction is achieved, 
because only the H(k) values that correspond to the non-zero 
passband and transition-band samples, which are denoted by 
dots on the frequency magnitude response in Fig. 3 (a), are 
involved in implementation of the FS filter. On the other 
hand, most of the H(k) values that correspond to the 
stopband samples are not implemented, since they are 
zero-valued. Proper assignment of transition samples on the 
desired frequency magnitude response is necessary to obtain 
optimal filter performance by reducing the abruptness on the 
transition region [9]. 

The complexity of the proposed FS filters is listed at the 
lower part of Table I, where the complexity of FFT filters is 
also shown for reference. The FS filter has the lowest 
complexity among the three types of filters. Its complexity is 
less than half that of a conventional FIR filter. Therefore, the 
FSF is a good candidate for input and output filtering in the 
implementation of a low-complex FICANS.  

4. Performance verification
To verify the performance of the FICANS based on the 
proposed filtering method, a signal generator that produces a 
WCDMA signal with 4 FAs and a receiver that measures the 

Nz−

( )x n

Nr−

2z−

2r−

(0) / 2H

(1)H

(2)H

2( 1)NH −

2( ) / 2NH

( )y n−

± ±

(c)

2r−

1z−

2 cos(2 )r k Nπ
1z−

(b)

( )H k

ω π

(a)

Comb filter A bank of complex resonators

Fig. 3.  Type-IV, even-N, linear phase, real frequency sampling 
filter: (a) the frequency magnitude response, (b) the modified 
resonator, (c) the implementation structure. 

error vector magnitude (EVM) of the repeater’s output signal 
are implemented on a computer [6].  

The EVM of the repeater, which indicates the signal 
quality, is given by 

1
2

0
1

2

0

EVM 100 %.
e

R

L

k
k
L

k
k

−

=
−

=

= ×  (5) 

In (5), ek(n) is the error vector between the kth QPSK 
symbol vector recovered in the receiver and the kth reference 
symbol vector Rk(n) generated in the signal generator [10]. L
is the number of QPSK symbol vectors needed to obtain a 
reliable EVM value. L = 1,280 is used in the simulation. 

For the simulation, the estimated channel filter with a 
length N = 65 is commonly used for the LMS algorithm with 
μ = 1,000 as well as the RLS algorithm with =1 and 

-1=3,000. The conventional FIR filters and the proposed FS 
filters for input and output filtering have a length of NFIR = 
121 and NFSF = 15, respectively. These parameters have been 
chosen to meet the EVM requirement of the repeater’s 
output signal [10] on the condition that the input signal 
power to the repeater is -70 dBm and the input signal to 
noise ratio is 25dB. In addition, the dominant feedback 
channel delay d is assumed to be exactly known. 

The following three feedback channel models with 
different power delay profiles are used for the simulation. 
The first channel model has two fixed multipath components 
with equal power that are 0.1us-spaced. The second channel 
model is composed of 4 fixed multipath components with 
relative time delays of 0, 0.1, 0.8, and 1 us, and relative 
power levels of 0, -8, -15, and -20dB, respectively. The last 
channel model also has the same power delay profile as the 
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second one except that all delay components in this case are 
moving with a Doppler frequency of 5Hz [13]. 

Figure 4 shows that the mean EVM (6.2 %) of the 
FICANS based on the RLS algorithm is lower than that 
(9.7 %) of the FICANS using the LMS algorithm under the 
first feedback channel model and for the repeater’s gain G = 
10 dB. G = 10 dB means that the repeater’s gain is 10 dB 
larger than the isolation between the donor and service 
antennas of the repeater. The reason for this is that the RLS 
algorithm converges more rapidly and has smaller excess 
mean square error compared to the LMS algorithm. However, 
the FICANS based on the LMS algorithm still meets the 
EVM requirement in [10]. Therefore, the LMS algorithm is 
normally used in the FICANS for radio repeaters owing to 
its lower complexity, as listed in Table I.

The output signal’s amplitude, which is normalized to the 
repeater’s gain G, of the FICANS based on the LMS 
algorithm for different conditions under the first feedback 
channel model is plotted in Fig. 5. When the FICANS in the 
radio repeater with a gain G = 10 dB tries to cancel the 
wideband feedback signal with four FAs, the repeater 
oscillates. The reason for this is that the FICANS based on 
the LMS algorithm does not follow the fast variation of the 
wideband feedback signal. However, the radio repeater with 
the FICANS that handles a narrowband signal with one FA is 
stable and shows almost the same tendency for the two cases 
of using FIR filters and FS filters when the repeater’s gain G
is 10 dB or 15 dB. Nevertheless, in the case of G = 15 dB, 
there is some increase of the output signal at the initial 
period of time, because the LMS algorithm has a slow 
convergence rate.  

The power spectrums for the input signal with 4 FAs and 
the output signals with one FA of the FICANSs using FS 
filters and FIR filters under the first channel model and for a 
gain G = 10 dB are shown in Fig. 6. The output signal is 
shown to be roughly 10dB larger than the input signal, as 
expected. The first FA selection from the wideband input 
signal with four FAs is performed well by both the FS filters 
and the FIR filters. They provide identical narrowband 
filtering performance, as illustrated in Fig. 6.  
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Fig. 4. The EVMs for the FICANSs using the LMS and RLS 
algorithms under the first feedback channel model. 
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Fig. 5. The amplitude of the normalized output signal x(n)/G of a 
wideband radio repeater with the FICANS for different conditions 
under the first feedback channel model. 

The EVM performances of the FICANSs based on the 
LMS algorithm, and using FS filters and FIR filters are 
shown in Fig. 7 under various feedback channel models. The 
EVMs for the FICANS under the first channel model are 
almost identical for the two cases of using FS filters and FIR 
filters. The EVM of the FICANS under the second channel 
model is almost the same as that under the first channel 
model, because the effect of the last two feedback 
components is negligible due to their relatively small 
amplitudes. The EVM for the last feedback channel model 
has some fluctuation over time due to a fading effect. 
However, it is still under 11%, thus falling under the 
specification of 12.5% in [10]. 
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5. Conclusion
We have presented a frequency domain approach for 

complexity reduction in wideband radio ICAN 
repeaters. The major computation power for a 
feedback ICAN system in a wideband radio repeater is 
consumed by narrowband input and output filtering for 
spectrum control, because a wideband signal is first 
split into several narrowband signals by narrowband 
filters prior to ICAN. Therefore, frequency sampling 
filters that are computationally efficient in the 
implementation of narrowband filters are applied to 
the input and output filtering for complexity reduction. 
The proposed filtering method reduces the complexity 
of the feedback ICAN system to less than half that of 
the conventional system with no performance 
deterioration. 
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