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Abstract— Public mobile radio spectrum has become a scarce
resource while wide spectral ranges are only rarely used. Here,
a new strategy called spectrum pooling is considered. It aims
at enabling public access to these spectral ranges without
sacrificing the transmission quality of the actual license owners.
Unfortunately, using OFDM modulation in a spectrum pooling
system has some drawbacks. There is an interaction between
the licensed system and the OFDM based rental system due to
the non-orthogonality of their respective transmit signals. In this
paper, this interaction is described mathematically providing a
quantitative evaluation of the mutual interference that leads to
an SNR loss in both systems. However, this interference can be
mitigated by windowing the OFDM signal in the time domain or
by the adaptive deactivation of adjacent subcarriers providing
flexible guard bands between licensed and rental system. It is
obvious that both approaches sacrifice bandwidth of the rental
system. A quantitative comparison of both approaches is given
as a tradeoff between interference reduction and throughput in
the rental system.

I. INTRODUCTION

The success of future wireless systems will depend on
the concepts and technology innovations in architecture and
in efficient utilization of spectral resources. There will be a
substantial need for more bandwidth as wireless applications
become more and more sophisticated. This need will not be
satisfied by the existing frequency bands being allocated to
public mobile radio even with very evolved and efficient trans-
mission techniques. Measurement campaigns [1] have shown
that wide ranges of potential spectral resources are used only
very rarely. In the presented approach that is called spectrum
pooling (SP), different spectrum owners (e.g. military, trunked
radio etc.) bring their frequency bands into a common pool that
rental users (RUs) may rent spectrum from. The notion of a
spectrum pool was first mentioned in [2]. It reflects the need
for a completely new way of radio resource management like
in [3]. Interesting aspects of the spectral efficiency gain that
is obtained with the deployment of SP are discussed in [4].

A potential rental system (RS) needs to be highly flexible
with respect to the spectral shape of the transmitted signal.
Here, the case of an FDMA/TDMA-based licensed system
(LS) is considered. Thus, spectral ranges that are accessed
by licensed users (LUs) have to be spared transmission power
originating from the RUs. OFDM modulation is a candidate
for such a system as it is possible to leave a set of subcarriers
unused, thus providing a flexible spectral shape that fills the
spectral gaps without interfering with the LUs. A detailed
description of this approach is given in [5]. Furthermore,
SP systems are not supposed to compete with existing and
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upcoming 2G and 3G standards. They are rather meant to
be a complement in hot spot areas with a high demand for
bandwidth (e.g. airports, convention centers etc.). Hence, it is
straightforward to apply modified versions of OFDM based
wireless LAN standards like IEEE802.11a and HIPERLAN/2
[6], [7]. There are many modifications to consider in order to
make wireless LANs capable of SP. They range from front
end to higher layer issues [8]-[10].

This paper focuses on parasitic losses in SNR of both
LS and RS due to the non-orthogonality of their respective
transmit signals. A mathematical description of the disturbing
impact of the OFDM based RS on the LS and vice versa is
given in Sec. II and Sec. III, respectively. Sec. IV deals with
possible countermeasures to the mutual interference of both
systems and their impact on the system throughput of the RS.

II. INTERFERENCE TO THE LICENSED SYSTEM

This interference is caused by the side lobes of the OFDM
signal. The transmit signal s(¢) on each single carrier of the
considered wireless LAN standards [6], [7] is a rectangular
NRZ signal. So, the power density spectrum (PDS) of s(¢) is
represented in the form [11]
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where A denotes the signal amplitude and T is the symbol

duration which consists of the sum of useful symbol duration

Ty and guard interval T [12]. It is assumed that the LS

subbands are co-located with single subcarriers or sets of

subcarriers [5]. First, the case is considered that the bandwidth

of one LS subband is Af = 1/Ty. Af represents the

subcarrier spacing of the RS. The mean relative interference
power to one LS subband Pr_.1(n) is defined as
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where P, is the total transmit power emitted on one sub-
carrier and n represents the distance between the considered
subcarrier and the LS subband in multiples of Af which
is illustrated in Fig. 1 for n = 1. Calculating (2) with the
parameters from the considered standards delivers row two of

n 1 2 3 4
Pr_r(n) (%] | 4922 0.848 0.483 0.325
Pr_r(n) % 0913 0.107 0.079 0.063

TABLE I

RELATIVE INTERFERENCE POWER FROM RS TO LS AND VICE VERSA
table 1. If the bandwidth of the LU subbands is a multiple
of Af, the total interference power of one subcarrier can be
obtained by adding the values from this table.
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Fig. 1. PDS of a single OFDM modulated carrier in IEEE802.11a

III. INTERFERENCE TO THE RENTAL SYSTEM

The reception of an OFDM symbol is performed using an
N-FFT function. This implies that the received signal r(k)
is windowed in the time domain by a rectangular window
function w(k) resulting in:

(k) = r(k)w(k) 3)

Hence, the Fourier transform X (e7%) of 7 (k) is represented by
a convolution of the Fourier transforms X (e’) and W (e?%)
of their respective time signals (k) and w(k). This yields:

X(e%) = —
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If a rectangular window function is assumed, the PDS after the
N-FFT processing can be expressed by the following expected
value of the periodogram [13]
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where w represents the normalized frequency (normalized to
the sampling frequency) and ®r(e’*) is the PDS of r(k). It
can be seen that the original spectrum ®gp(e’*) is smeared
by the convolution term in (5). This smearing does not destroy
the orthogonality in a pure OFDM system but SP systems face
a superposition with the LU signal. The impact of (5) on the
LU signal is shown in Fig. 2. An elliptically filtered white
noise process was assumed as LU signal. The circles indicate
the sampling points of the 64-FFT in our example. One can see
that significant parts of the LU energy are scattered to adjacent
FFT bins where they interfere with the corresponding symbols
of the OFDM transmission. Like in (2) the mean relative
interference power to one subcarrier of the RS Pr_,r(n) is
defined. Taking the values from our example in Fig. 2 delivers
the third row in table 1. Although the effects between LS

and RS and vice versa have a completely different physical
and mathematical background, the order of magnitude of their
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Fig. 2. Impact of the FFT processing on the PDS of the LU

interference impact is surprisingly similar as can be seen by
comparing Pr_.1,(n) and P, r(n).

IV. COUNTERMEASURES TO THE MUTUAL INTERFERENCE

One possible countermeasure to overcome the interference
of the RS to LS is making the PDS in Fig. 1 go down
more rapidly by windowing the transmit signal of the OFDM
symbols. This makes the amplitude go smoothly to zero at
the symbol boundaries. A commonly used window type is the
raised cosine window that is defined by:

%+%cos<ﬂ+ﬁ%§>, for 0 <t < pTs

g(t) =14 1, for fTs <t <Tg

5 cos (%) , for Tg <t<(1+p0)Ts,
(6)

where § denotes the rolloff factor. The symbol interval Tg

is shorter than the total symbol duration (1 + 3)Ts because

adjacent symbols are allowed to partially overlap in the rolloff

region. The time structure of the OFDM signal using g(¢) as

transmit filter is depicted in Fig. 3. It can be seen that the cyclic
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Fig. 3. Structure of the OFDM signal using a raised cosine transmit filter

prefix must be extended in order to achieve the same resistance
against intersymbol interference (ISI). Furthermore, a cyclic
postfix must be introduced. This postfix needs to be longer
than §7Ts to maintain the orthogonality within the OFDM
signal. Hence, the drawback of this interference reduction
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Fig. 4. Impact of the rolloff factor 3 on the PSD of the rental user signal

method is the temporal extension of the symbol duration by
the factor (1 + () resulting in a reduced system throughput of
the RS.

Fig. 4 shows the impact of the rolloff factor 3 on the PDS of
the RU signal. The side lobes are clearly attenuated. Again, it
is assumed that the bandwidth of one LS subband matches one
subcarrier spacing A f. The first adjacent LS subband (n=1) is
illustrated in light gray. If the PDS is integrated like in (2), the
resulting interference power (dark gray area) on the individual
LS subband can be calculated.

The results of this calculation depending on the rolloff factor
and the number of the LS subband is shown in Fig. 5. The
positive effect of the raised cosine filter is stronger regarding
LS subbands that are farther away from the considered RS
subcarrier (n > 2). Unfortunately, the benefit of the raised
cosine filter is very small for the first adjacent subband, which
can be seen from the almost constant curve for n = 1. Even at
very high rolloff factors, the achievable interference reduction
is only about 6dB.

Therefore, the method of raised cosine filtering can only
be considered an additional means to reduce the interference
in the LS, but more powerful techniques need to be devel-
oped. One further interference reduction concept, which is
presented here, is the dynamic deactivation of subcarriers lying
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adjacently to allocated LS subbands. This provides flexible
guardbands as pointed out in Fig. 6. The number of subcarriers
that is covered by one LS subband is denoted by a while the
number of deactivated adjacent subcarriers is described by b.
The advantage of this deactivation procedure compared to the
raised cosine method is that both types of interference can be
mitigated at once. Again, this sacrifices bandwidth and system
throughput in the RS. A tradeoff needs to be found between
tolerable disturbance to the LS and the remaining bandwidth
of the RS.

In this paper we focus on the reduction of interference with
the LS as this is the dominant interference effect (see table
I). In order to obtain the mean interference power to one LS
subband Pr_.r, all interference contributions of every single
RS subcarrier need to be cumulated. Of course, wider LS
subbands face more interference power as the integration width
is larger. Hence, Pr_ 1 is normalized to the corresponding

bandwidth a of one LS subband counted in integer multiples
of Af:
N

Prp= EPRﬁL

Hence, Pr_.;, can be interpreted as a mean relative inter-
ference power “density” that is caused by the RS. Another



important parameter is the relative pool occupancy 7 that
represents the number of subcarriers that is occupied by
the access of the LUs relative to the maximum number of
available subcarriers. Of course, the interference power in
one LS subband depends on the LU constellation within the
considered pool. For this reason all possible constellations
were simulated to obtain Pr_ ; with varying parameters b,
a, and r. One example of the simulation results is given in
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Fig. 7. Impact of the number of deactivated adjacent subcarriers b on Pr_, ,

Fig. 7. It can be seen that Pr_,;, is monotonically decreasing
with increasing occupancy 7. This is due to the fact that
there are fewer interfering RS subcarriers left if more LS
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Fig. 8. max{r.} as a function of the relative pool occupancy

subbands are occupied. Another result is that the deactivation
of the first adjacent subcarrier (b = 1) delivers the largest
benefit. The additional deactivation of more subcarriers (b > 2)
only provides a minor further improvement. A result of these
simulations, which is not shown here, is that a larger access

width a is advantageous when it comes to the reduction of
Pgr_.1. An explanation is that there are less split spectral
ranges that interfering subcarriers can jump into.

It is straight forward that the reduction of interference and
the highest possible throughput are contradicting requirements.
Hence, a tradeoff is required. After the quantitative evaluation
of the interference reduction by deactivating subcarriers as
presented above, the impact of this method on the throughput
of the RS needs to be investigated. First, the effective relative
pool occupancy 7. is introduced representing the number
of occupied subcarriers including the additionally deactivated
subcarriers. If no subcarriers are deactivated r and 7.z are
identical. Of course, . depends on the constellation of the
pool. A worst case consideration regarding the constellation
is that there are no neighboring LU subbands in the pool. In
this case 2b subcarriers are deactivated for each LU subband
(b for each side). Thus, the maximum effective relative pool
occupancy can be described by:

2b a
_ (7—&—1)7“, for 0<r< 5
max{reg } = { 1, for o <r<l1 ®)
The introduction of the substitution ¢ = 7 yields:
2 :
B (E—i—l)r, for 0<r<_5
max{reﬁ} - { 1, for cj—Q <r<i 9

The graph of this function is visualized in Fig. 8. In order
to derive an analytical solution for E{r.m} one has to take a
closer look at the probabilities of sequences of occupied LS
subbands in the allocation vector [10]. In the following, an
occupied LS subband is represented by a ones while an idle
LS subband is described by a zeros. The allocation vector is
assumed to be large enough so that the margins do not need
a separate consideration. For the sake of simplicity, a=1 is
assumed. The probability that a sequence of k consecutive
occupied LS subbands occurs in the allocation vector is

P(11...10) = 7F(1 —7), k>1
——
k times
If b adjacent subcarriers are deactivated with an LU access
width of a subcarriers and a sequence length of k, the local
effective relative pool occupancy is

L kat2b _k+2
T~ k+Da k+1

for (10)

Y

Hence, the expected value E{r.z} can be expressed by [14]:
E{rgg} = (1-7) <.k (12)
P k+1
(%Jrl)rf%vﬂ, for ¢>2
- ) GrYr=E -1
_|_(% —1)r3, for 1<c<?2

This result is visualized in Fig. 9. The curves for ¢ < 1
were generated by simulation. It can be seen that only few
spectral resources remain in the RS if the parameter c gets
large. Therefore, the number of deactivated subcarriers b must
be as small as possible. A tradeoff can be found if one allows
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of certain interference level in LS, e.g, Pr_.;=2% like in
Fig. 10. Then, the lowest possible b has to be applied to
guarantee the interference requirements. If the pool occupancy
rises, fewer subcarriers need to be deactivated still observing
the interference rule. This adaptive deactivation provides the
highest possible throughput in the RS and ensures that a given
interference threshold is not exceeded. The switching points
for b are shown in Fig. 10.

V. CONCLUSION

OFDM is a promising candidate for SP as it allows a very
flexible radio resource management on a carrier-by-carrier
basis. However, it has been shown that using OFDM has
the drawback of mutual interference between RS and LS. A
quantitative evaluation of the interference caused by the RS
has been given. The interference from the LS occurs in the
OFDM receivers of the RS due to the rectangular windowing
of the receive signal in the time domain. Simulation results
for this type of interference have been given. We proposed
two possible countermeasures in order to mitigate the mutual
interference. The first one is based on raised cosine windowing
techniques for the OFDM signal. Analysis has shown that the
benefit of this approach with respect to interference reduction
is fairly low. A more powerful method has been proposed
based on the dynamic deactivation of subcarriers providing
flexible guard bands between LS and RS. The performance
of this approach has been validated by simulation. Further-
more, a tradeoff between interference reduction and possible
throughput has been presented.
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