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Abstract

The effects of using an multicarrier amplifier (MCPA) in the transmit chain of a cellular FDMA
system utilizing switched multibeam base-station antennas is investigated. By combining several
carriers prior to amplification, the signal envelope will be time varying and the MCPA will introduce
non-linear distortion of the amplified waveforms. It is shown how the main beam direction and
frequency of any intermodulation product of any order can be calculated and a frequency allocation
scheme is presented that reduces the intermodulation distortion at the mobile users. By Monte Carlo
simulations, the probability distribution function of the received intermodulation distortion power is
estimated, assuming a GSM system, as a function of the number of antenna elements and the number
of active users. Comparisons with a one-element reference antenna is made, and it is shown that the
received intermodulation distortion power for the users in the system is substantially reduced when
the number of beams are increased or the user activity is reduced.

1 Introduction

Multibeam antennas are a viable choice for the implementation of the downlink (base-to-mobile) in
wireless cellular communication systems due to the attractive trade-off between system performance and
the complexity and cost of implementation [1],[2],[3]. The switched multibeam antenna has thus been
the scope of several testbed and field trial investigations for its feasibility in GSM/FDMA networks
[4],[5],[6],[7]. A multibeam antenna uses an array of antenna elements and has a beam-forming network
that generates multiple narrow beams and a beam switching algorithm [8] of low-complexity which chooses
(or switches) the downlink main beam simply in the direction where the strongest received signal [5],[9]
comes from. In some implementations the downlink beamforming is performed entirely in hardware,
thereby relaxing the signal processing requirements even further. Figure 1 shows an overview of the
assumed transmitter architecture. In this implementation the downlink beam is selected in the digital
signal processor, but the beamforming is performed in a beamforming network, implemented in hardware.

The multibeam technique is a common downlink beamforming method used in frequency division duplex
(FDD) systems because the frequency duplex distance is typically significantly larger than the coherence
bandwidth of the radio channel, which makes the uplink and downlink channel uncorrelated. However,
the direction of arrival estimate of the uplink signal is still a useful estimate of the direction to the mobile
at the downlink frequency [10].

Although switched-beam antennas significantly increases the carrier to interference ratio of the radio
link [8], the drawback is the increased amount of hardware required at the base-station (BS) site. Each
antenna and frequency channel in an FDMA system requires a single carrier power amplifier for the
downlink transmission. Thus, to reduce size, cost and power consumption of the BS, multicarrier power
amplifiers (MCPA) have been suggested for use in cellular systems [11]. For satellite systems, where small
equipment size and low power consumption is of high importance, the combination of MCPA and array
antennas has been utilized for a long time [12],[13],[14].

The co-amplification of several modulated signals with different center frequencies in an MCPA generates
intermodulation distortion (IMD) due to the nonlinearity. The IMD is a substantial source of interference
and must be included in the interference budget, although it has been shown that the IMD can be reduced
by different linearisation techniques [15]. Some residual IMD power will however still be emitted by the
antennas, and it is important to be able to predict this level to assure an acceptable system performance.
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Not all IMD are harmful to the system however, since some parts of the distortion power can easily be
removed by filtering. If {ω1, . . . , ωM} is the set of M center frequencies of the modulated carriers that
enters the MCPA, some third order intermodulation products (IMP) in the output signal will be centered
at the frequencies 2ωj-ωk and ωj +ωk−ωl. Thereby they fall onto other frequency channels that are used
in the FDMA system and cannot be removed by filtering. Non-linearities in communication applications
is most often modelled by considering only the third order IMP since the amplifiers operate well below
the 1 dB compression point. In this region, the third order IMP dominates over higher order IMP so the
distortion power from higher order IMP can safely be neglected.

The degree of a non-linearity is often measured by a two tone test, where two continuous wave (CW)
tones with distinct frequencies are combined and connected to the input of the amplifier. The power of
the IMP are measured in the output signal and the ratio to the power of the desired signal is calculated
as a measure of the non-linearity. In third generation (UMTS) systems, the input signal has a 5 MHz
bandwidth and a nonlinear amplifier will then introduce spectrum regrowth. Here the Adjacent Channel
Leakage power Ratio (ACLR) is defined as the ratio of the transmitted power to the power measured
after a receiver filter in the adjacent channels [16]. The receiver filter has a -3 dB bandwidth equal to
the chip rate (3.84 MHz) in the 3GPP-standard of UMTS.

In a cellular system, the dominant IMD will come from the MCPA in the same cell, if the generated
IMD falls onto other frequency channels used in that cell. Other examples of MCPA generated IMD are
in multi-layer cellular network structures, where IMD from an MCPA-equipped micro-cell interfers with
a macro-cell connected mobile [17], or as was investigated in [18], the mutual interference between an
AMPS system BS using MCPA:s and a CDMA system mobile.

This paper shows how the use of multibeam antennas reduces the downlink IMD for the mobiles in
the system. The radiation pattern provided by the beam-forming network will generate IMD that, in
general, are radiated in directions different from the principal beam directions [19],[20],[21]. These IMD
lobes have also been called “phantom lobes” [22] as they are not generated purposely, but is created
by the nonlinearity. In effect, the array antenna spatially filters the IMP and this effect can in some
circumstances be used to reduce the signal to intermodulation ratio of the mobiles in the system, as
shown in [13] for a satellite system. The required circumstances to achieve this will be investigated in
this paper. Furthermore, the spatially filtering of IMP:s can be utilized by the frequency channel
allocation algorithm in the BS that assigns new mobiles to one of the empty frequency channels in the
particular cell sector. If a non-frequency hopping system is assumed, each new mobile can be allocated to
the frequency channel that generates least IMD to other mobile users in the same sector. This was briefly
mentioned by Sandrin [19], and here an algorithm for this allocation procedure is proposed, and the
performance is compared to a random frequency channel allocation algorithm. The solution is related to
the recently proposed techniques for reducing IMD in a conventional one-antenna BS [23],[24] by spacing
the used frequency channel unequally, to make the IMP fall onto unused frequency channels in between.

The remainder of this paper is organized as follows. Section 2 provides a description of the system model
adopted. The switched multibeam array is defined as well as the nonlinear amplifier model. The beam-
frequency scheme is defined in Section 3 and an algorithm for reducing the IMP by smart frequency
channel allocation is presented and analyzed. Section 4 illustrates the IMD reduction with a numerical
simulation of a GSM system with a multibeam BS while conclusions are drawn in Section 5.

2 System Model

The signal model for a cellular system using FDMA is defined in this section and beamforming using the
FFT method is described. The MCPA is modeled using Cann’s model for the amplifier and the method
of Shimbo [25] is used to write the MCPA output signal in a comprehensive way. By deriving the far
field signal from the array antenna in a specified direction Θ, it is shown how the transmitted signal can
be described by a frequency-beam scheme, for use in the next section.



2.1 Signal Model

Assume a BS that provides service in one sector in a tri-sector cellular communication system. An N
element uniformly spaced linear antenna array is used for reception and transmission of data to the
users, although the study here considers the downlink transmission only. Furthermore, assume that M
FDMA frequency channels are used in the particular sector, each with a bandwidth of W Hz and equally
separated by ∆ω, see Figure 2. Prior to, or integrated with each antenna, is an MCPA. It provides the
signals with necessary gain to overcome the path loss and the fading in the radio channel. The signal
that enters MCPA n (at antenna n) can be written in the form, [26]:

xn(t) =
M∑

m=1

√
Pmsm(t)wn cos [(ωc + ωm) t + φm(t) + θmn] (1)

where ωc is the RF channel frequency reference and ωm is the m:th sub-carrier frequency offset from this
reference where ωc À |ωm|. Assume that the subcarrier’s center frequencies, ωm are equally spaced,

ωm = (m− 1)∆ω + ω1 . (2)

Furthermore, sm(t) is the m:th sub-carrier envelope, after modulation and pulse shape filtering, Pm is
the corresponding scaling to set the correct average transmitted power for sub-carrier m and φm(t) is
the m:th sub-carrier phase. The transmitted information is contained in φm(t) for the phase modulation
of the signal and in sm(t) for the amplitude modulation. Furthermore, wn is the real taper weight at
antenna n and θmn is the phase of the beamforming weight for sub-carrier m and antenna n. Using
complex baseband signal notation, we can express (1) as

xn(t) = Re
{
x̃n(t) · ejωct

}
(3)

provided that the bandwidth W is much less than the carrier frequency ωc. x̃n(t) is the complex envelope
of xn(t) and is a low-pass baseband signal. The complex envelope can be written as

x̃n(t) =
M∑

m=1

√
Pmsm(t)wn · ej(ωmt+φm(t)+θmn) . (4)

The rest of this paper will use the complex baseband representation of signals.

2.2 Switched Multibeam Antenna Array

For the downlink beamforming in FDD systems, where the downlink channel is unknown, one choice is
to transmit in the direction where the largest average power from our particular user in the uplink was
received. The low side-lobes of the radiation pattern decreases the co-channel interference to users in
neighboring cells. A linear array antenna with N antenna elements can generate N beams with distinct
spatial orientations in the horizontal plane, by use of a beam forming network (BFN). Assume further
that the taper weighting wn is unity, wn = 1, n = 1, . . . , N . Taper weighting can be used to reduce
side-lobe levels at the expense of increased beam-width of the main-lobe and loss in antenna gain [27].

Furthermore, a FFT based BFN often implemented as a Butler matrix [28],[29] is assumed. It has the
property of a constant phase gradient ∆θm over the antenna array aperture, yielding

θnm = (n− 1)∆θm (5)

for n = 1, . . . , N . The phase gradient, ∆θm belongs to the set ΩS of N different phase gradients, unique
for each beam the BFN can generate,

ΩS =
{

2πp

N

}N−1

p=0

(6)

The finite set ΩS is a closed group under multiplication and addition, following modulo N algebra. These
properties implies that the main-lobe direction of the desired signals are also main-lobe directions for the
IMD, as will be shown later.



2.3 Nonlinear Multicarrier Power Amplifier

To model the amplifier nonlinearity, the memoryless envelope limiter model, proposed by Cann [30] is
used in the analysis. It is described by the baseband transfer characteristic

ỹ(t) =
Dsgn(x̃(t))

[
1 +

(
l

|x̃(t)|
)s]1/s

= F (x̃(t)) (7)

where ỹ(t) is the instantaneous output, x̃(t) the instantaneous input, D the asymptotic output level as
the input amplitude |x̃(t)| → ∞, sgn(x̃(t)) the signum function, l the input limit level and s is the knee
sharpness. Cann’s model is used for its parametric form as opposed to polynomial amplifier models which
are better suited when fitting experimental data to a model. In Cann’s model the degree of linearity is
easily adjusted by varying the parameter s.

To yield the bandpass nonlinearity corresponding to the baseband model, we use the Chebychev transform
[31]

f1(|x̃(t)|) =
1
π

∫ 2π

0

F (|x̃(t)| cosα) cos αdα (8)

and a similar integral is calculated as

f2(|x̃(t)|) =
1
π

∫ 2π

0

F (|x̃(t)| cosα) sin αdα (9)

by necessity, often by using numerical methods. The function defined as f(|x̃(t)|) =
√

f1(|x̃(t)|)2 + f2(|x̃(t)|)2
is commonly denoted as the AM/AM conversion characteristic of the amplifier and g(|x̃(t)|) = tan−1 {f2(|x̃(t)|)/f1(|x̃(t)|)}
as the AM/PM conversion characteristic. With these functions at hand1, the analytic signal input/output
relation for the MCPA at antenna n can now be written as

ỹn(t) = f (|x̃n(t)|) exp [jφxn(t) + jg(|x̃n(t)|)] (10)

where φxn(t) is the phase of the input signal x̃n(t).

Now, define the amplifier saturated output power P sat
o as the maximum RF power supplied by the

amplifier when driven by a CW signal having power P sat
i . The input back-off (IBO) can now be defined

as IBO = P sat
i − Pin in decibels, where Pin is the average input power. As the input signal is a

multicarrier signal, the average input power is estimated in the simulations during a pre-run phase and
then the negative gain in decibels to set the correct IBO for the amplifier is introduced.

2.4 Combining MCPA performance with Spatial Description

The multicarrier input signal (4), to the MCPA generates a large number of intermodulation products
(IMP) in the output signal, and a combinatorial problem follows to determine the frequency and relative
phase of each of the IMP:s. Adding the complexity of an array antenna, the spatial dispersion of the
IMP:s must also be considered. To calculate the direction of each of these IMP:s a rewriting of equation
(10) is used for the output of MCPA n as

ỹn(t) =
∑

K

S [K;A1(t), A2(t), · · · , AM (t)] exp

(
j

M∑
m=1

km (ωmt + φm(t) + θmn)

)
(11)

where K is the following set of integer indices

K =

{
{k1, k2, . . . , kM} :

M∑
m=1

kmωm = ωp

}
(12)

to consider the output in the frequency channel with center frequency ωp only. If ωp is one of the sub-
carriers center frequencies (ω1, . . . , ωM ), the summation in (11) will be restricted to terms that lie in the

1Laboratory measurements of nonlinear amplifiers give the g(|x̃(t)|) and f(|x̃(t)|) functions directly, so by working with
measured amplifier characteristics, the integrals (8),(9) need not be evaluated



zone of the first harmonic (fundamental) of the output signal. To study the fundamental and third order
IMP solely, K in (11) is easily exchanged for the subset K1,3, defined as

K1,3 = K ∩
{
{k1, k2, . . . , kM} :

M∑
m=1

|km| = 1, 3

}
. (13)

Furthermore, in equation (11), Am(t) =
√

Pmsm(t) is the sub-carrier m:s envelope, where unity taper
weights wn has been assumed. The complex valued function S[·] is known as the Shimbo amplitude
function (SAF)[25][32], and gives the amplitude and relative phases of the output intermodulation prod-
ucts with indices {ki}M

i=1. The calculation of SAF involves the amplifier characteristics f(·), g(·) and the
envelope of the sub-carriers in the multicarrier input signal. The explicit values of the SAF:s are not
required in the following analysis. If the amplifier does not exhibit any AM/PM conversion, the SAF will
be real. Note that SAF depends on the envelopes and not the phases of the input sub-carrier signals.

2.5 The far field radiation pattern

As a tri-sector system was assumed, the interval −π/3 < Θ < π/3 is of interest, where the angle
Θ is measured from broadside of the array. The complex envelope of the received signal z(t, Θ) at a
hypothetical user in direction Θ is represented by a discrete complex sequence z(l, Θ) of L samples [33].

z (l, Θ) = γ(Θ)
N∑

n=1

ỹn(l)e−jdωc(n−1) sin(Θ)/c (14)

where l = 0, . . . , L−1, d is the array inter-element spacing, c the speed of light and γ(Θ) is the individual
antenna element gain in direction Θ which is assumed equal for all N antenna elements. The far field
effective isotropic radiated power (EIRP) in direction Θ from broadside direction is defined as

PEIRP (Θ) =
∣∣∣∣
z(l, Θ)

N

∣∣∣∣
2

=

∣∣∣∣∣
γ(Θ)
N

N∑
n=1

ỹn(l)e−jdωc(n−1) sin(Θ)/c

∣∣∣∣∣

2

. (15)

By inserting (11) into equation (15) one finds that for a particular set of indices, {ki}M
i=1, which uniquely

labels any IMP, and by using (5) for the FFT based BFN, an equivalent phase gradient for the particular
IMP is calculated as

∆θeq =
M∑

m=1

km∆θm (16)

which will maximize the PEIRP in a direction given by the angle

Θ = sin−1

(
c∆θeq

dωc

)
. (17)

Hence, two signals, say x̃1(t) and x̃2(t), separated according to (2), with equal phase gradients (∆θ1 =
∆θ2), will generate third order IMP with equal phase gradients ∆θeq = ∆θ1 = ∆θ2, i.e. IMP at the
frequencies ω3 = 2ω2 − ω1 and ω0 = 2ω1 − ω2 are radiated in the same beam directions as the amplified
original signals x̃1(t) and x̃2(t). If, however the two signals are to be transmitted in distinct beams,
∆θ1 6= ∆θ2 and the third order IMP are radiated with phase gradients 2∆θ2 − ∆θ1 and 2∆θ1 − ∆θ2

at the frequencies ω3 = 2ω2 − ω1 and ω0 = 2ω1 − ω2 respectively. Note that ω0 is outside the defined
transmitter band, and can be removed by the transmit filter.

3 Utilizing the Combined Beam-Frequency Scheme

It is possible to systematically calculate the beam-frequency slot where the main beam of an IMP appears.
In this section, we show how this can be used to reduce the IMD power radiated towards the mobiles in
the system.



3.1 The number of IM products

Given M active, co-amplified sub-carriers on equally spaced frequency channels in the MCPA, the number
of generated IMP in the output signal is required to calculate the IMD in the system. The following
analysis is restricted to third order IMP. Type A IMP is defined as the cross-modulation term 2ωi − ωj

and type B IMP as the composite triple-beat terms ωi +ωj −ωk. Type B IMP becomes more deleterious
when the total bandwidth is less than an octave because most of the type A IMP falls fall outside the
band of interest [23]. The center frequency channel is the worst channel among all the channels, because
the largest number of third-order IMP terms νc, [23]:

νc =
3
8

(
M2 − 2M + 1

)
(18)

falls onto the center channel. The νc IMP in the center channel can be divided into MA type A as [24]

MA = (q − 1) if M=2q
MA = 2bq/2c if M=2q+1 (19)

and the number of type B IMP, MB = νc − MA. Furthermore, assume that the center channel is left
empty, as common in noise power ratio (NPR) measurements, all IMP involving the carrier in the center
channel most be subtracted from (18). This gives, after some calculations

νe
c =

1
8

(
3M2 − 10M + 7

)
(20)

where it is assumed that M is an odd number.

3.2 Beam-frequency scheme

Using the above definitions, given a set of M equally spaced frequency channels, and a set of N beams,
the beam-frequency scheme can be defined, which can be used to reduce the IMP levels in the system.
Main beam IMP is defined as the direction of the maximum radiation intensity of the particular IMP.
Certainly, IMP will be radiated in all directions, but suppressed by the side-lobe of the array radiation
pattern in other directions than the main beam direction. A slot is defined as a beam-frequency pair
consisting of a frequency channel and a main beam direction generated by the BFN. IMP that comes
from adjacent cells are neglected, as the (linearly amplified) co-channel interference from adjacent cells
are a more severe source of interference than the (non-linearly amplified) IMD from adjacent cells.

Furthermore, the FFT based BFN is used, so the properties of closeness and finiteness of the modulo
N addition and multiplication of the phase gradients (16) makes the main beam direction of the IMP
coincide with the set of main beam directions for the desired (linearly amplified) signals. Fig. 3 shows
an example of the beam-frequency scheme where three users have been randomly assigned (in frequency)
to three slots. The figure shows the slots where main beams of type A and type B IMP will appear
(type B IMP312, and two type A IMP23, IMP21). The N=4 element antenna array will certainly reduce
the amount of IM distortion at the mobile as compared to the reference N=1 antenna BS in Fig. 3(b)
because main beam IMP falls onto other beam slots, or stated differently, in other directions than the
user main beams. Hence, the IMP will be suppressed by the side-lobes of the antenna array radiation
pattern.

3.3 Reducing the IMD by using an antenna array

To calculate the reduction in IMD due to the use of a multibeam antenna, statistical methods must be
used, as the activity of the users as well as their angle Θ seen from the BS, are stochastic processes.
In the analysis, a fully loaded system (all M frequency channels occupied), is assumed where M is an
odd number. The center channel is chosen for the analysis, i.e. frequency channel q where M = 2q + 1.
Assume further that the angle position of the active mobiles are independent and uniformly distributed
in the range [−π/3, π/3]. If the N beams have equal beam-width, the probability that a user is active in
a specific beam is 1/N . The number of IMP of type A or type B falling on any particular beam-frequency



slot n then becomes binomially distributed Bin(Mx,1/N) as

PMx(ν) =
(

Mx

ν

)(
1
N

)ν (
1− 1

N

)Mx−ν

(21)

where x = A,B.

The expectation value of (21) is MA/N and MB/N for type A and B IMP respectively and the variance
is MA(N − 1)/N2 and MB(N − 1)/N2 respectively. If the number of IMP in a specific beam slot is less
than the mean value of (21), the IMD power in this direction is less than average. If the number of
frequency channels M is increased, and keeping the number of beam directions N fixed, the quotient of
the number of IMP in a beam compared to the N − 1 other beams is on average approaching unity. By
defining the normalized variance, or variability, υ, of the distribution (21), as

υ =
N − 1
Mx

(22)

for x = A,B, it is possible to study this. The variability indicates that when the number of IMP
of type x, Mx, is increased, as when the number of frequency channels M is increased, the IMP are
evenly distributed over all beams, and the total IMP radiation pattern, which is the sum of all IMPs, is
approaching the radiation pattern of a single antenna element. Note that the individual IMP maintain
their ideal array pattern, but their sum has a “smoothing” effect on the radiated IM power. This was
also observed in [14]. By increasing the number of antennas N , the variability (22) is increased, and the
total IMP radiation pattern directivity is increased, i.e. lobes are formed is some directions. For higher
order IMPs, the number of IMPs, Mx, is a large number compared to N and the small variability leads
to a radiation pattern close to the single antenna element pattern.

Hence, it is expected that by using a N beam array antenna, the IM power experienced by the users,
compared to a reference N = 1 conventional BS, are on average reduced 10 log10(N) dB, as the number of
main beam IMP towards the mobile are on average reduced by the factor 1/N . Note that the transmitted
power from each antenna is reduced by 20 log10(N) dB compared to the N=1 antenna case, to yield the
same received power at the mobile.

If the number of active frequency channels is less than M , which is the normal case2, it is shown below
how it is possible to reduce the amount of IMD further, by utilizing the extra degree of freedom the N
beams provide.

3.4 IM-reducing frequency channel allocation

Assume a non-frequency hopping system, or a system with deterministic frequency hopping in the fol-
lowing. In the example of Fig.3, a new user can be placed in any of the empty frequency channels F2,F4
or F6. Depending of the beam allocation for the new user (which is out of the basestations control,
it depends on the spatial position of the new user), the basestation should allocate the new user to a
frequency channel that produces the lowest number of “collisions”, where a collision has taken place when
the generated main beam IMP falls into a slot that is occupied by a user. The basestation performs a
search over all free slots and calculates the number of collisions in the M ×N beam-frequency scheme for
each case. When a call is dropped, a new frequency channel is available and added to the set of searched
slots for the next new user.

To compare the proposed algorithm, the expected value of the number of collisions is calculated and
compared with a random frequency channel allocation algorithm. The number of slot collisions depends
on the number of available beams and on the number of active users in the particular sector. Define the
probability pch as the probability that a given frequency channel is in use in a cell, which is a function of
the offered traffic Ao (in Erlang), the blocking probability PB and the number of frequency channels M
in the sector [3],

pch =
Ao

M
(1− PB) (23)

2M active frequency channels corresponds to a blocking probability of one for a new user, and is a rare case if the system
capacity is properly planned.



The number of active users in the sector is a random variable varying from zero to M and has binomially
distribution Pa(m) ∼Bin(M, pch) [3]. If blocked calls are cleared (calls arriving when all the channels are
found to be busy are lost), the blocking probability is given by the Erlang-B formula

PB =
AM

o /M !∑M
k=0 Ak

o/k!
. (24)

To derive the expected number of collisions C, the conditional expectation

E {C} =
M∑

m=0

E {C|m}Pa(m) (25)

is used, where E is the expectation operator. The conditional expectation value E {C|m} of C collisions
conditioned on m active users involves summation over all possible beam-frequency slot allocations and
its calculation is a formidable task. It depends on the chosen frequency channel allocation algorithm,
the number of beams N , the number of frequency channels M and on the blocking probability PB . To
illustrate how the algorithms performs, an example is presented, where a Monte Carlo simulation method
is used to estimate E {C|m} and calculate the expectation of C.

The system is simulated with M=9 frequency channels and blocking probability PB = 2%. This gives,
by using (24) the offered traffic Ao=4.34 Erlang per sector and hence a channel activity pch of 47.3%.
The simulation is performed as follows. In each simulation step, a mobile is activated in a random
direction or a random mobile drops its call. This is simulated by using a generalized birth-death process
with M + 1 states [34]. For each new mobile, all unoccupied frequency channels are searched and the
number of collisions are counted. The slot allocation that gives the fewest collisions is chosen for the new
user. If two or more slots give the same number of collisions, the total number of generated IMP in the
N ×M beam-frequency scheme is calculated for the slots that gave the same number of collisions, and
the algorithm choose the slot that generates the fewest IMP. 10 000 steps were performed to estimate
E {C|m} for each case of N=8,4,2 and also N=1 for comparison. Table 1 shows the reduction
in number of collisions when the proposed algorithm is used as compared to random frequency channel
allocation. It is interesting to see that four beams and using the proposed algorithm, has on average
fewer collisions than an eight beam system using a random frequency channel allocation. This can also
be seen in Fig. 4 where random/N=8 have a higher collision count than the best/N=4 algorithm, when
the number of active users are less than seven.

When the number of beams (antennas) is increased, the beam-width of the main beam is narrower and
hence, the IMP is concentrated into narrower beams. Hence, it is less likely that a user collides with the
main beam of an IMP, and as seen in Table 1, the number of collisions is reduced.

4 Computer Generated Results

Due to the random positions of the users, and also the stochastic nature of the number of active users,
the IMD power as experienced by a mobile user in the system will be a random variable. Hence, to
study the improvement in carrier to intermodulation ratio by using a multibeam antenna, as discussed
in the previous sections, the probability distribution function (PDF) of the IMD power at the mobile is
estimated using simulations. We assume a channel separation and modulation that resemble the GSM
system. The variation of the shape and position of the PDF with the parameters N and M are discussed
and conclusions is drawn.

A common method to measure the effect of nonlinearities in multicarrier communication systems, is to
use a measurement channel, centered in the frequency channel plan. This unoccupied center channel will,
on the MCPA output contain IMP, and the effect of distorting the input signal can directly be related to
the output power in the unoccupied channel [35].

4.1 Modulation and Sampling Rates

Assume that each sub-carrier is GMSK modulated with a bit rate Tb=271 kbit/s, together with a Gaussian
low pass pulse-shaping filter with a normalized bandwidth BTb=0.3 and filter length of six bits. A



minimum sampling frequency of 50 samples per symbol is used in the simulations for the sub-carrier with
largest ωm to ensure an accurate representation of the generated intermodulation distortion. Using M=9
channels, this yields a multichannel sampling rate of 67.75 MHz. The length of a data burst is 156 bits
and consists of randomly generated data for each user.

4.2 Adjacent Channel Distortion Simulation

To measure the distortion introduced by the nonlinearities in the MCPA and the effect of beamforming for
the spatial distribution of this distortion, a simulation, illustrated in schematic form in Fig.5 is performed.
The method measures the interference in an unoccupied channel placed in the center of the transmitted
frequency band. Hence, the input frequency channels centered at ω1, ω2, . . . , ωe−1, ωe+1, . . . , ωM are
occupied, while the center channel at ωe is unoccupied. This center channel will receive intermodulation
distortion and sideband regrowth from the modulated channels.

Since most communication systems are designed to meet a certain level of adjacent channel interference,
the output power in this unoccupied channel can directly be related to the performance of the system.
Note that the center channel contains contributions from all other channels and the power measured there
is therefore the worst possible case of interference. The channel spacing ∆ω is set to 3W to assure that
the spectral truncation noise, due to finite impulse response filtering, of the channels immediately below
and above the unoccupied channel does not increase the spectral content in the unoccupied channel.

The L = 156 × 50 × 5 = 39000 samples of the received signal in direction Θ is collected and a Hanning
window function is applied before the discrete Fourier transform (DFT) is calculated. The signal is
filtered in an ideal 30 kHz bandpass filter centered at ωe and the power level in the unoccupied channel
is measured (this is equivalent to the procedure described in the GSM 05.05 specification [35]). The
intermodulation power is obtained using power spectrum analysis, define the Hanning windowed DFT of
z(l, Θ) as [36]:

Z(p, Θ) =
L−1∑

l=0

z(l, Θ)wH(l)ej2πp(l/L) (26)

for p = 0, . . . , L−1 and wH(l) is the Hanning window function. The power in the measurement bandwidth
in direction Θ can now be written as

Pr(Θ) = 10 · log10

[
1

p2 − p1 + 1

p2∑
p=p1

|Z(p, Θ)|2
]

(27)

and p1, p2 are chosen to obtained an ideal bandpass filter of 30 kHz bandwidth, centered at ωe.

Cann’s model, (7) was used to model the power amplifier with parameters s = 8, D = 1, l = 1 and
the IBO was set to 10 dB, regardless of M , as described in Section 2.3. Fig. 6 shows an example of
the radiation pattern (27) in the empty frequency channel, centered at ωe and normalized to a common
reference so the maximum power in the M = 8, N = 4 case is 0 dB. With the number of active carriers
M=8, a higher level of IM interference is measured, compared to when M=4, as expected. The number
of third-order IMP terms can be calculated by (20) to νe

c = 20 and 4 for the M = 8 and M = 4 case
respectively3. When the variability υ in (22) is decreased, the IMP radiation pattern gets smoothed and
approaches the single element pattern. This is visible in the N = 4, M = 8 case in Fig. 6.

If the received power at the test mobile when using N = 1 antennas at the basestation is used as
a reference, the PDF of the difference (in dB) between the N = 1 and N > 1 case for a particular
set of mobile locations is estimated using 200 data bursts. Random frequency allocation is performed
and no power control is used. See Fig. 7 and 8 for the M = 5 and M = 9 case respectively (where the
measurement is made in the empty center channel, as before). Note that the IBO is equal for the different
antenna configurations, hence an increase in number of antennas, leads to a reduced output power of each
MCPA, but the IBO is kept equal in the simulations, to allow an analysis of the spatial dispersion effect
of the IMP only. Table 2 shows the mean of the PDFs in Fig. 7 and Fig. 8. According to the
discussion in section 3, a reduction in the IM power of 10 log10(N) dB is expected. For the M=9 case,
the number of IMP is so large that approximately 1/N of them reach the mobile at maximum power,
that is, in the main-lobe of the array antenna radiation pattern. However, the M = 5 case allows larger

3Note that M=9 and M=5 is used in (20), but the center channel is left empty



variations in the distribution of the IMPs over the N beams, i.e. a larger variability, and a deviation
from the 10 log10(N) expression is increased. Note that in the N = 8,M = 5 case, the probability that a
mobile is not in the direction of an IMP main beam in the empty center frequency channel is from (21),
Pν(0) =

(
8−1
8

)νe
c =0.59 where νe

c=4 is the total number of IMP in the center channel given by (20). This
explains the relatively high probability for a very large reduction (5-20 dB) in IMP power for N = 8 in
Fig. 7, as compared to the N = 2 case in the same figure, where Pν(0)=0.0625.

The M = 9 case in Fig. 8 shows the case of a large number of third order IMP. As the number of
beams N is increased, the mean of the IMP is decreased but the width of the PDF increases (increased
variability), due to larger variations in the number of IMP per beam. Furthermore, the probability that
a mobile receives no main beam IMP Pν(0) is in this case very small.

5 Conclusions

The effect of a nonlinear transmit amplifiers in a switched beam base-station antenna for a cellular system
using FDMA has been analyzed. It has been found that the main beam direction of the IMP is in general
different from the directions of the principal signal beam directions. It was shown how the increased
number of degrees of freedom when introducing an array could be utilized to reduce the received IMD at
the mobile users. This is achieved by assigning new users to frequency channels that minimizes the IMD
at other mobile users in the same sector, hence the IMP are “placed” in directions were no mobile user
exists on that frequency. The proposed algorithm outperforms a random channel allocation method and
the improvement is increasing with the traffic load and the number of antenna elements.

To study the expected value of the IMD reduction at the mobiles, a Monte Carlo simulation was used to
estimate the PDF of the mobile CIR for an example GSM system. With increased number of antenna
elements and a low number of active channels, the IMD reduction as compared to the N=1 reference
antenna case has a larger dynamic range. In this case, it is possible, especially if a smart frequency
allocation strategy is used, that the mobile user experiences no main beam IMD, hence a large IMD
reduction compared to the reference case is gained. It was also shown that when the number of active
users is larger than the number of available beams, the width of the PDF is smaller and 10 log10(N) dB
reduction in IMD is the most likely improvement.
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Table 1: Estimated number of collisions when using proposed algorithm for frequency channel allocation
compared to random allocation.

Antennas Channel Estimated
N Allocation E {C}
8 Best 0.41
8 Random 2.15
4 Best 1.42
4 Random 4.02
2 Best 4.24
2 Random 8.12
1 Best 10.70
1 Random 16.19



Table 2: Mean of the received power in the empty measurement channel. Reference is the N=1 antenna
case.

Antennas Channels Mean
N M [dB]
8 9 -9.2
8 5 -13.5
4 9 -6.1
4 5 -8.9
2 9 -2.9
2 5 -4.1


