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This paper focuses on codebook-based precoding for 
space-division multiple access/orthogonal frequency-
division multiple access (SDMA-OFDMA) systems aiming 
to guarantee high throughput for their users as well as to 
mitigate interference to fixed satellite service (FSS). A 
systematic design of SDMA codebook for subband-based 
OFDMA is proposed, which forms multiple orthogonal 
beams with common spatial null in the direction of a 
victim FSS earth station (ES). The design enables both 
transmitter and receiver to independently construct 
identical codebook by sharing only on the direction angle 
of an FSS ES, which takes fewer overhead bits than 
Gram-Schmidt process, a general method satisfying our 
design criterion. A system-level throughput evaluation 
shows that the proposed precoding provides superior 
performance over existing spectrum sharing method, that 
is, subband deactivation. The spectrum sharing analysis 
shows that the proposed precoding, even with an 
estimation error of the direction angles of an FSS ES, 
causes lower interference than existing precoding, 
knockdown precoding. 
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I. Introduction 

The International Telecommunication Union for 
Radiocommunication (ITU-R) has allocated subbands 3.4 GHz 
to 4.2 GHz, which are allocated to fixed-satellite services (FSS) 
in many countries around the world, for International Mobile 
Telecommunications (IMT)-Advanced service [1]. The 
spectrum sharing results of using a minimum coupling loss 
(MCL) link budget show that protection distance should be 
greater than 40 km to avoid mutually harmful interference 
between two systems operating in the same frequency bands 
[1]. Since the 40 km is too great from a practical view, an 
interference mitigation technique is essential. Moreover, ITU 
requires higher bit rates for IMT-Advanced system: 
Approximately 100 Mbps and 1 Gbps with high mobility and 
low mobility for 100 MHz bandwidth, respectively [2]. 
Therefore, the focus of this work is to propose an IMT-
Advanced system archiving the following objects:   

Spectrum sharing. Sufficient interference suppression to 
sustain reliable FSS, 

High throughput. Sufficiently high data rate for reliable 
IMT-Advanced service. 

In this paper, an approach based on multiple-input multiple-
output (MIMO) and orthogonal frequency-division multiple 
access (OFDMA) is developed. The two schemes can provide 
high throughput and facilitate spectrum sharing with FSS by 
the flexible assignment of radio resource in frequency and 
space domain. 

1. Related Work 

Many studies have investigated algorithms to protect existing 
systems by implementing frequency notching and nullsteering 
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beamforming. Frequency notching algorithms include the signal 
waveform adaptation [3], [4] and the tone deactivation based on 
OFDM [5], [6]. As these frequency notching algorithms generate 
notches only in the frequency domain, they cause considerably 
high throughput loss to mitigate interference when many 
frequency bands are widely overlapped with existing systems. On 
the other hand, multiple antenna array using nullsteering can 
protect existing systems without additional radio resources in 
frequency or time. Jo and others [7] proposed interference 
mitigation based on nullsteering for coexistence between IMT-
Advanced and FSS. The scheme is effective for interference 
mitigation, while it decreases the throughput of users located in a 
direction of interferer or victim system too much because a 
desired signal as well as interference are suppressed. 

Codebook-based precoding is proposed for spatial multiplexing 
in a single user MIMO channel [8]. In Gaussian MIMO 
broadcast channels, simultaneous transmission to multiple users, 
known as multiuser MIMO or space-division multiple access 
(SDMA), is capable of achieving very high throughput. SDMA is 
as a candidate for Long Term Evolution (LTE)-Advanced and 
IMT-Advanced standard [9]. In particular, a codebook-based 
orthogonal beamforming SDMA has been proposed for the 
3GPP-LTE standard [10] and 3GPP2-ultra mobile broadband 
(UMB) standard called knockdown precoding [11]. In the 
scheme, based on limited feedback information on the preferred 
precoding matrix within a codebook and the corresponding 
signal-to-interference-and-noise ratios (SINRs), the multiuser 
precoding matrix is selected within a codebook to maximize the 
sum throughput. The precoding matrix constructs orthogonal 
beams which improve throughput base on reduction of inter-user 
interference in homogeneous systems. However, SDMA 
coexisting with FSS requires suppressing interference between 
the heterogeneous systems as well as the inter-user interference in 
homogeneous systems. 

2. Contributions 

Combining orthogonal beamforming and nullsteering can be 
an approach for achieving both high data rate and spectrum 
sharing. We thus propose a systematic design of an SDMA 
codebook which forms multiple orthogonal beams, that is, 
orthogonal beamforming constraint, with common null in the 
direction of a victim FSS earth station (ES), that is, nullsteering 
constraint. Furthermore, unlike the Gram-Schmidt process, 
which is a general method for designing SDMA codebook 
satisfying both constraints, both transmitter and receiver 
independently construct identical codebook at both ends by 
sharing the proposed systematic design rule based only on the 
direction angle of victim FSS ES, which takes fewer overhead 
bits than the Gram-Schmidt process. 

Multiuser precoding and scheduling with limited feedback 
are extended to subband-based OFDMA. The system employs 
two SDMA codebooks, that is, one for the subband shared with 
FSS (interfering subband) and one for the subband not shared 
(non-interfering subband), which is adaptively selected for 
each subband. This keeps the feedback overhead and 
scheduling complexity low and improves the system 
throughput through the additional utilization of spatial 
spectrum. Moreover, this improves the throughput of users 
located in a direction of victim FSS ES, by using the data 
transmission via non-interfering subband, which is the merit of 
our scheme over [7].  

The remainder of this paper is organized as follows. The 
system model is described in section II. We design SDMA 
codebook and user scheduling in section III. In section IV, 
system-level simulation results are evaluated to show the 
throughput performance of the proposed SDMA-OFDMA. In 
section V, we analyze the interference mitigation ability of the 
SDMA-OFDMA. Finally, conclusions are drawn in section VI. 

II. System Model 

Since the 3,400 MHz to 4,200 MHz bands are only allocated 
to downlink (space to earth) FSS, there is no interference from 
FSS ES to IMT-Advanced systems. Moreover, there is no 
interesting issue for study regarding interference from geo-
stationary orbit (GSO) satellites to IMT-Advanced systems 
because there is little interference between satellites and earth. 
We thus consider the interference only from IMT-Advanced 
base station (BS) to FSS ES. 

Figure 1 shows the proposed downlink SDMA-OFDMA 
system with nT transmit antennas, nR receive antennas, M 
subcarriers, and K users per sector. We assume that the cyclic 
prefix is larger than the length of channel impulse response 
such that OFDM modulation decomposes the frequency 
selective MIMO fading channel into a set of parallel frequency 
flat fading channels. Encoding and detection for data streams 
are performed on each subcarrier independently by using 
feedback on channel quality information (CQI) and radio 
resource management per subcarrier. To keep the feedback 
overhead and scheduling complexity low, the total subcarriers 
are divided into N subbands consisting of M/N consecutive 
subcarriers. The index for the subband is omitted in the 
following, as spatial processing is independently performed on 
a subband basis. 

Let x be nT×1 transmitted signal vector. Then, nR×1 received 
signal vector of the k-th user yk is given by 

S
= ,k

k k kn
ρ

+y H x n              (1) 
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Fig. 1. Proposed codebook-based precoding for SDMA-OFDMA. 
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where ρk is the average received signal to noise ratio (SNR) per 
receiving antenna, nS is the number of simultaneous substreams, 
Hk is an nR×nT channel matrix, nk is an nR×1 additive white 
complex Gaussian noise vector, and the entries of Hk and nk  
are independent and identically distributed complex Gaussian 
random variables with zero mean and unit variance. We 
assume a highly correlated channel from a BS to FWS based 
on high probability of line-of-sight between them. It facilitates 
mitigating interference to FSS ES by construction of a transmit 
null at the BS. For each subband, SDMA transmits nS 
substreams to the receivers 

S
=1, ,{ }m m nk∗  via the precoding 

vector 
S

=1, ,{ }m m nw . The transmit signal is then  

 
S

=1

= = s ,
n

m m
m
∑x Ws w                (2) 

where 
S

1= [  ]nW w w and
S

1= [s  s ] .T
ns  The nS 

precoding vectors 
S

=1, ,{ }m m nw are selected within a precoder 
codebook, F or ˆ( ),φP using the scheduling algorithm 
described in section III.4. Subbands are adaptively classified 
into an interfering subband, that is, the subband currently occupied 
by FSS), and a non-interfering subband. As shown in Fig. 1, a 
precoder codebook per subband is selected from 1={ , , }GF FF  
(non-interfering subband) and 1

ˆ( ) { , , }Gφ = P PP  (interfering 
subband), which designed as described in section III.1. Here, 
φ̂  is the direction angle of ES (DOE). For the non-interfering 
subband and the interfering subband, the number of 
simultaneous substreams nS is equal to nT and nT−1, 
respectively. 

III. SDMA Codebook and User Scheduling 

1. SDMA Codebook Design 

In this section, a systematic design method is proposed for 
the construction of the SDMA codebook ˆ( )φP  for an 
interfering subband. Based on the assumptions that the IMT-
Advanced BS is already aware of the DOE φ̂  and the 
interfering subband index, both the BS and users independently 
construct an identical codebook for an interfering subband at 
both ends by sharing the codebook design rule, the information 
of ˆ,φ and the interfering subband index by downlink 
broadcasting. 

Initially, the BS must obtain the DOE and interfering 
subband index. The DOE can be obtained by adopting a 
popular spatial-spectrum estimation direction-finding method 
[12], [13] or from a database with information concerning the 
DOE. Moreover, a spectrum sensing technique provides the 
interfering subband index. In this paper, it is assumed that the 
DOE and the interfering subband index obtained at the BS are 
sent to all K users via a downlink control channel. This 
assumption enables the construction of an identical codebook 
for the interfering subbands at both ends through sharing of the 
systematic design method. 

To enhance the sum throughput of an SDMA system and to 
mitigate interference to a victim FSS ES, a precoder codebook 
for interfering subband, =1, ,

ˆ ˆ( ) { ( )} ,g g Gφ φ= PP  forms a 
spatial null at the DOE φ̂ , that is, a nullsteering constraint, as 
well as spatial orthogonal beams, that is, an orthogonal 
beamforming constraint. Designing the codebook starts from 
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the SDMA codebook for non-interfering subband  
1= { , , }GF FF (knockdown precoding coodbook [11]). The 

m-th precoding vector of the g-th matrix gF  is given by [11] 

 
( )T

T T

2 1 2 11 1 1

,
T

1= 1 ,

Tg gj m j n m
n G n G

g m e e
n

π π− −⎛ ⎞ ⎛ ⎞+ − − + −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

f    (3) 

where T)(⋅  represents a transpose operator and G is the 
number of precoding matrices in the codebook. Note that the 
precoding matrix Fg 

satisfies the orthogonal beamforming 
constraint only. The transmit gain of mg ,f  in the direction φ  
is given by  

 

( )

( )( )T
T T

2
, ,

21
2 ( 1)/ 1 sin

T
=0

( , ) =| |

             = 1 ,

T
g m g m

n
j k g G m n d

k

n e
π φ λ

φ φ

−
− + − +

Γ

∑

f f a

 
(4) 

 

where ( )φa  is the array steering vector at a angle φ . It is 
given by  

 
( )T T

T
2 sin 2 1 sin

T

1( ) = 1 ,

Td d
j j n

e e
n

π φ π φ
λ λφ

−⎡ ⎤
⎢ ⎥
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⎣ ⎦

a

  

 (5) 

where λ is wavelength. The null points φ satisfying  
,( , ) = 0g m φΓ f have the property described by the following 

lemma. 
Lemma 1. There exist at least one common null point ( )n

gφ  
such that ( )

, ( ) = 0T n
g m gφf a , for all nm ∈M , where T 2n ≥ , 

( )/ 2 < / 2,n
gπ φ π− ≤ and T= {1, 2, , 1, 1, , }.n n n n− +M  

Proof. , =1, , T
{ }g m m nf is a orthonormal basis of an Tn

dimensional complex vector space T
T ( 2)n n ≥ . It then 

becomes clear that the vector fg, n is orthogonal to the T 1n −  
vectors ,{ } ,g m m n∈f M  that is, , , = 0 T

g m g nf f for  .nm ∈M  
At this point, it is shown that at least one ( )n

gφ  exists such 
that ( )

,( ) = .n
g g nφa f The complex exponential function 

( ) = jxf x e  has the period of 2π, therefore, 

( )

( )
T T

T T

2 ( 1) / sin

=2 ( 1) ( 1)/ 1 / 2 ,

n
gn d

n g G m n k

π λ φ

π π

−

− − + − +  

for any integer k to satisfy ( )
,( ) = .n

g g nφa f  The equation is 
rewritten as  

( )sin =n
gφ ( ) T T( 1) / 1 / ,g G m d n kλ ′− + − +  

for any integerk′ . Then, without a loss of generality, there is at 
least one k′  such that ( ) T T| ( 1) / 1 / | 1,g G m d n kλ ′− + − + ≤

 which results in the desired results.                      
Lemma 1 states that an T T( 1)n n× −  precoding matrix 
( )n
gQ  consisting of nT−1 column vectors of Fg, ,{ }g m m n∈f M  

has an aggregated transmit gain of zero at ( )n
gφ  as follows: 

 ( ) ( ) ( ) 2
,( , ) = | ( ) | = 0.n n T n

g g g m g
m n

φ φ
∈

Γ ∑Q f a
M     

    (6) 

Constructing =1, ,
ˆ{ ( )}g g GφP from ( )n

gQ demands adaptive 
steering of the common null at gφ  to the DOE φ̂ . Since 
there is at least one ( )n

gφ  for a specific g and n from lemma 1, 
the reference direction gφ  is determined as ( )n

gφ  minimizing 
( ) ˆ| |n
gφ φ− . 
Proposition 1. Nullsteering. The precoding matrix forming a 

null at the DOE φ̂  for an interfering subband is given by  

 ( )ˆ ˆ( ) = ( ) ,n
g g gφ φP R Q                (7) 

where ˆ ˆ( ) = ( ( ))g gdiagφ φR r  is an T Tn n×  diagonal matrix 
containing the vector of diagonal entries ˆ( )g φr  given by  

( ) ( )

T T

T T
T T
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cos 1
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r

 (8) 
with ˆ .g gα φ φ= −  

Proof. Let ˆ ,g gα φ φ= −  the transmit gain of the column 
vectors of )(n

gQ , ,{ }g m m n∈f M  in the direction gφ is then  
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 (9) 
From (4) and (5), (9) is rewritten as 

( ) ( ) ( )
2

, , ,
ˆ ˆ ˆ ˆ, = ( ) ( ) = ( ), ,

T
g m g g m g g m gφ φ φ φ φΓ Γf f r a f r (10) 

where denotes the Hadamard (pointwise) product. Let the 
nT−1 column vectors of ˆ( ),g φP

T
, =1, , 1

ˆ{ ( )}g k k nφ −p …  be 
, ,

ˆ ˆ( ) = ( ), g k g m g nmφ φ ∈p f r M . Thus, 

 ( ) T,
ˆ ˆ( ), = 0, for all {1, , 1}.g k k nφ φΓ ∈ −p     (11) 
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This leads to  

 ( ) ( )
T

1

,
=1

ˆ ˆ ˆ ˆ( ), = ( ), = 0,
n

g g k
k

φ φ φ φ
−

Γ Γ∑P p        (12) 

which shows that the aggregate transmit gain of ˆ( )g φP  
becomes zero at the DOE φ̂ . Due to the irrelevance of ˆ( )g φr  
to a precoding vector index m, the precoding matrix ˆ( )g φP  
can be compactly represented as (7).                                        

The mutual orthonormality of the Tn column vectors of gE  
remains for the nT−1 column vectors of ˆ( )g φP , as shown in 
the following proposition. 

Proposition 2. Orthonormality. The nT−1 column vectors of 
the precoding matrices =1, ,

ˆ{ ( )}g g GφP are mutually 
orthonormal.  

Proof. From (8), each diagonal entry of Rg has an absolute 
value of one. Thus, it is shown that  

 T

T

( ) ( )

( ) ( )

( ) ( )

1

ˆ ˆ ˆ ˆ( ) ( ) = ( ) ( )

=

=

= ,

HH n H n
g g g g g g

Hn n
g n g

Hn n
g g

n

φ φ φ φ

−

P P Q R R Q

Q I Q

Q Q

I
 

      

(13)

 

where 
TnI  is an T Tn n×  identity matrix and ( )H⋅  denotes 

the conjugate transpose of a matrix. Therefore, the column 
vectors of Pg are mutually orthonormal.                  

2. Comparison with Gram-Schmidt Process 

We consider a conventional design of the precoding matrix 
Pg that satisfies nullsteering and orthonormality constraints 
without resorting to the precoding matrix Fg. The method 
constructs nT−1 mutually orthonormal vectors that are 
orthonormal to the array steering vector at the DOE ˆ,φ ˆ( ),φa  
using the Gram-Schmidt process. Denote 1= { , , }GB BB as 
a set of nT×(nT−1) matrices given by 

T,1 , 1= [ ]g g g n −B b b . 
Using the Gram-Schmidt process, we obtain an orthonormal 
matrix 

T
,1 , 1

ˆ= [ , , , ( )]g g g n φ−U u u a
 
from Bg and ˆ( ).φa  

Finally, the desired precoding matrix Pg is given from Ug, as 

T,1 , 1[ ].g g g n −=P u u  
In the method, it is possible to employ a large number of 

T, 1, , 1{ }g m m n= −b for a specific ˆ( ),φa  resulting in a number of 
Ug. A way of determining 

T, 1, , 1{ }g m m n= −b  is thus essential. 
When two approaches (random and deterministic vector 
generation) are considered, random vector generation is not 
preferable because both the BS and users scarcely ever 
construct identical Ug components due to the randomness of Bg 
at both ends. On the other hand, deterministic vector generation 
requires that both the BS and users know , 1, , 1{ }

Tg m m n= −b for 

all available ˆ( )φa  given by a large number of predetermined 
φ̂  values, which results in a considerable complexity and a 
large amount of memory space. On the other hand, the 
proposed design ensures low complexity due to a simple 
matrix product, as shown in (7). Moreover, both the BS and 
users independently construct identical codebook at both ends 
since they share the proposed systematic design rule based on 
the φ̂  only. 

3. Practicality 

The proposed design method tends to impose a restriction on 
the system configuration in terms of the number of transmit 
antennas. The method requires the number of transmit antennas 
at the BS to be larger than the number of different DOEs at 
which FSS ESs are located. However, some countries, such as 
France, Sweden, Japan, and South Korea, have a limited 
number (twenty or less) of registered FSS ESs; moreover, these 
are not contiguous with each other. Therefore, the proposed 
method is a practical solution for spectrum sharing between 
IMT-Advanced and FSS in the 3,400 MHz to 4,200 MHz 
bands. 

Some mobile stations near the FSS ES will cause 
interference to the FSS when considering the IMT-Advanced 
uplink. As the DOE at a mobile station is not constant due to its 
mobility, the mobile station must continuously estimate the 
DOE; this is a heavy burden on the mobile station. Additionally, 
when each mobile station linked to a BS utilizes a different 
precoder forming a null in their own DOE, the BS must 
employ simultaneously different precoders. Therefore, the 
conventional subband deactivation algorithm in which 
frequency notches are produced through the deactivation of the 
interfering subbands is preferable over the proposed method 
for an uplink interference scenario. 

4. Precoding Vector and User Selection with Limited 
Feedback 

Based on the assumption of the channel knowledge of Hk at 
the k-th user, the precoding matrix gk

W  is determined to 
maximize multiuser diversity gain at the k-th link within a 
precoder codebook F or ˆ( )φP as  

T

T

,
{ } =1, ,=1, ,

,ˆ =1, , 1{ ( )} =1, ,

arg ( )max max

for  non-interfering subband,
= ˆarg ( ( ))max max

for  interfering subband,

k m g
m ng g G

gk
k m g

m ng g Gφ

γ

γ φ
−

⎧
⎪
⎪
⎪
⎨
⎪
⎪
⎪
⎩

F

P

F

W
P

     (14) 

where , ( )k mγ A  denotes the SINR on the m-th stream of the 
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k-th user when using the precoding matrix A. The amount of 
multiuser diversity gain depends crucially on the upper tail of 
the SINR distribution of ,k mγ at each link: the heavier the tail, 
the more likely a receiver has a strong channel and the larger 
the multiuser diversity gain [14]. Thus, selecting the precoding 
matrix that maximizes the maximum SINR among the SINRs 
of individual streams at each link makes the upper tail of the 
SINR distribution heavier at each link. The index of the 
selected precoding matrix gk is sent back to the BS via 
feedback bits of ⎤⎡ Glog2 , where ⎤⎡x  is the smallest 
integer that is larger than or equal to x. Moreover, each user 
feeds back maximum SINRs 

S
=1, , ,{ ( )}maxm n k m gk

γ W  and 
its stream index *m  to the BS. This is implemented using 

S2log n R⎡ ⎤+  bits for each feedback instance of the index *m  
and the corresponding SINR *,

( )gk m k
γ W , respectively, where 

R represents the required bits for the feeding back of a 
quantized SINR. 

At each subband, all K users fall into G groups =1, ,{ }g g GS  
according to their selected precoding matrix. The users within 
the same group share the precoding matrix, which makes the 
feedback information on SINRs from users valid as long as 
users within the same group are allowed for simultaneous 
transmission. Within each group gS , the BS attempts to assign 

S1, ,{ }m m ns = to ns users =1, , S
{ }m m n gk∗ ∈S with the highest 

SINR per beam. The instantaneous sum throughput of the 
group gS  using the precoding matrix Wg is given by  

 
S

2 ,
=1

( ) = 1 ( ) .log
n

g gk mmm

T γ ∗
⎛ ⎞+⎜ ⎟
⎝ ⎠∑W W         (15) 

Finally, the unitary precoding matrix W  used for 
transmission is determined at each subband to maximize the 
instantaneous system throughput by  

 
{ } =1, ,

= arg ( ).max g
g g G

T
W

W W           (16) 

The final instantaneous system throughput is given by 
summing up T(W) over all subbands. 

IV. System Throughput Evaluation 

By evaluating the average sum throughput through system 
level simulation, the superiority of the proposed interference 
mitigation algorithm over the conventional subband 
deactivation algorithm is demonstrated. 

1. Channel Model 

The spatial channel model (SCM) was developed to define 
spatial channel characteristics and a system level simulation 

methodology for a single-carrier MIMO system by an ad-hoc  
group comprised of participants of the 3GPP and 3GPP2 [15]. 
For evaluating multicarrier MIMO systems, the SCM 
proposed for a single-carrier MIMO system is extended here to 
that for a multicarrier MIMO system. For a sector-mobile pair, 
L multipath channel matrices Lllk ,1,=, }{H  with delays 

Lll ,1,=}{τ  are generated by the SCM and quantized to Ts/M 
in time, where Ts and M denote the interval of an OFDM 
symbol and the number of subcarriers, respectively. The 
quantized M samples Mmmk ,1,=, }ˆ{H  are transformed into 
the channel matrices of M subcarriers Mmmk ,1,=, }~{H  by the 
discrete Fourier transform (DFT). The spatial correlation 
characteristics of a single-carrier MIMO channel are preserved 
over the DFT process. In this work, spatial parameters 
according to the given random distributions defined by the 
SCM are used. 

2. Simulation Methodology 

An OFDMA cellular network based on IEEE 802.16e 
assumptions with two rings of three-sector BSs is considered 
for high-speed downlink packet data services. Table 1 
summarizes the default simulation parameters. 

The four-elements linear antenna array is assumed at both 
the transmitter and receiver with antenna spacing of 0.5 ,λ  
respectively. At each drop, users are randomly distributed 
throughout the system and are connected to the BS with the 
smallest integral path loss among all possible links to the BSs. 
For the duration of a drop, the simulation operates at the frame 
level. At each frame, MIMO-OFDM channel coefficients of all 
possible links, including both desired and interference links, are 
generated by the multicarrier SCM. The proposed interference 
mitigation algorithm and SDMA operation is performed on the 
basis of a subband, which consists of 64 data subcarriers and 8 
pilot subcarriers. Modulation used in the simulations are QPSK, 
16 QAM, and 64 QAM, all turbo encoded. Transmission rates 
are decided based on the SNR that is required by each MCS to 
achieve the 1% of desired target FER in the AWGN channel. 
The average sum throughput is obtained by averaging the 
average transmission rates, each of which is computed by 
averaging the instantaneous transmission rates over 6,000 
frames (30 s) for a drop, over 300 independent drops. 

3. Simulation Results 

The average sum throughput of the downlink OFDMA 
system with 4×4 SDMA using the precoding matrix F1 and 

1
ˆ( = 30 )φP  is evaluated in an urban 8º macro environment.  

We assume that a single FSS ES is at the cell edge and 



 

ETRI Journal, Volume 33, Number 6, December 2011 Han-Shin Jo   837 

Table 1. System parameters for simulation. 

Parameters Values 

Cell structure 
57 hexagonal grid sectors 
(2-ring, 3-sector, 19 cells) 

Site-to-site distance 1 km 

BS antenna pattern 70 ° (–3 dB) with 20 dB front-to-
back ratio 

BS antenna gain 
 (with cable loss) 15 dBi 

User antenna gain –1 dBi 

User noise figure 7 dB 

Thermal noise density –174 dBm/Hz 

Center frequency 2.3 GHz 

Channel model Multicarrier SCM 

Bandwidth 10 MHz 

Number of Tx. antennas 4 

Number of Rx. antennas 4 

Total BS power 20 W 

Traffic ch. power ratio 84% 

Number of total subcarriers 
1,024  

(data: 768, pilot: 96, guard: 160)
User velocity 3 km/h 

Number of subbands for a frame 12 
Number of OFDM symbols for a 

frame 18 

Traffic model Full buffer ftp 

MCS feedback delay 15 ms (= 3 frames) 

 

 

Fig. 2. Average sector throughput versus number of users per
sector. 
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occupies the frequency bands corresponding to 4 subbands out 
of total 12 subbands. Therefore, the proposed precoding uses 

1
ˆ( = 30 )φP for data transmission via the 4 subbands, but the 

 

Fig. 3. Average sector throughput versus number of interfering
subbands. 
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subband deactivation does not use the 4 subbands. The 
knockdown precoding uses F1 for all subbands. 

Figure 2 compares the average sum throughput of the 
proposed precoding to subband deactivation. The performance 
of no sharing (knockdown precoding) is also depicted for a 
reference. 

The BS with knockdown precoding simultaneously supports 
at most four users for each subband by adopting four precoding 
vectors. On the other hand, the proposed precoding serves at 
most three users per subband in interfering subbands, and at 
most four users per subband in non-interfering subbands. 
Additionally, the BS with the subband deactivation transmits 
data via non-interfering subbands only. Therefore, both the 
throughput of the proposed precoding and subband 
deactivation are lower than that of no sharing, as shown in Fig. 
2. Moreover, the proposed precoding achieves throughput gain 
of up to the 150% compared to the subband deactivation 
algorithm because the precoding enables the BS to transmit 
data for interfering subbands. 

The average sum throughput of the proposed precoding and 
the subband deactivation for the number of interfering 
subbands are shown in Fig. 3. The number of users per sector is 
assumed to be 20. Although the throughput of both schemes 
decreases as the number of interfering subbands increases, 
throughput enhancement of the precoding over subband 
deactivation is more remarkable at a larger number of 
interfering subbands. In particular, for 12 interfering subbands, 
the throughput of subband deactivation is zero, while the 
proposed precoding provides considerable performance. These 
results indicate that the proposed precoding is robust against 
increase in the number of interfering subbands and provides 
consistently superior performance compared to conventional 
subband deactivation. 

The simulation results show the throughput for a low- 
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mobility user (3 km/h). All the schemes considered would 
provide less throughputs at higher speed, since faster channel 
variation reduce the accuracy of CQI and precoding matrix 
reported from the users.  

V. Spectrum Sharing Analysis 

1. Protection Distance 

An assessment of spectrum sharing is based on the concept 
of permissible interference power at the antenna terminals of a 
victim system. Hence, the attenuation required to limit the level 
of interference from an interfering system to the permissible 
interference power for p% of the time is represented by the 
minimum required loss. This is the loss that needs to be 
equaled or exceeded by the predicted path loss for all but p% of 
the time [16]. When p is a small percentage of the time in a 
range of 0.001% to 1.0%, the interference is referred to as short 
term; it is referred to as long term for 20%p ≥ . 

The minimum required loss Lmin in dB is described by  

 min BS BS FS max= ,rL P G G L I+ + + −        (17) 

where PBS is the transmit power of IMT-Advanced BSs (dBW) 
in the reference bandwidth, Imax is the maximum permissible 
interference power (dBW) in the reference bandwidth to be 
exceeded for no more than the percentages of the time at the 
terminals of the antennas of the receiving FSS ESs, and GFS is 
the FSS ES antenna gain in the IMT-Advanced BS direction. 
The IMT-Advanced BS antenna gain in the FSS ES direction is 
GBS and can be expressed as  

 ( ) ( )BS ANT BF= .G G Gφ φ+         (18) 

The conventional BS antenna pattern without the 
interference mitigation technique, ANT ( ) ( 180 180 )G φ φ− ≤ ≤

 is specified by [17] 

( ) ( )2
ANT max 3dB m= min[12 , ],G G Aφ φ φ−

  
    (19) 

where the maximum antenna gain Gmax is 42.5 dBi, the 3 dB 
bandwidth 3dBφ  is 70°, and the maximum attenuation Am is 
20 dB. BF ( )G φ has adaptive beamforming patterns generated 
by the proposed interference mitigation technique. It can be 
expressed as 

 ( ) ( )
T

1
BS

BF ,10
T =1

= 20 .log
1

n
T
g k

k

P
G

n
φ φ

−

− ∑p a       (20) 

The interfering signal power loss is Lr, which accounts for 
the fraction of interfering signal power that appears in the band 
of the victim system in a dB scale. The interfering signal power 
loss for the interfering system with OFDM is derived through a 

 

Fig. 4. Interference scenario: multiple IMT-Advanced BS. 
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power spectral density (PSD) analysis of the OFDM signals 
[18, (10)]. This formula is derived in series form and is 
implemented simply with the help of simulation, resulting in 
significantly reduced time to obtain the solution. 

The result of the interference calculation is the minimum 
required loss. Having chosen an appropriate path loss model, 
this can subsequently be converted into a minimum physical 
separation distance between interfering and victim systems that 
is, protection distance. The standard model agreed upon in the 
ITU and CEPT for terrestrial interference assessment at 
microwave frequencies is clearly denoted in the ITU-R 
recommendation P.452-12 [19]. Therefore, the P.452 model is 
used for the frequency sharing study. 

2. Simulation Setup 

We consider typical FSS parameters defined in the ITU-R 
[20]. The system occupies a bandwidth of 5 MHz assigned 
with a center frequency of 3.5 GHz. A dish-shaped directional 
antenna with a diameter of 3.8 m and a maximum antenna gain 
of 41 dBi is deployed. Antenna patterns are modeled 
mathematically for use in an interference assessment in cases 
where the ratio between the antenna diameter and the 
wavelength is less than or equal to 100 ( / 100)D λ ≤  in [21]. 
The permissible long-term interference power is considered to 
be −153.8 dBW/5 MHz and is calculated based on I/N=  
−12.2 dB [22]. A 3-sector IMT-Advanced BS with a 
bandwidth of 10 MHz in rural environments is assumed. 
Moreover, IMT-Advanced BS with 4 transmit antennas is able 
to support the interference mitigation of the proposed SDMA-
OFDMA. The transmit power is 13 dBW, and the maximum 
antenna gain, including a 4 dB feeder loss, is 12 dBi. The 
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Fig. 5. Protection distance of proposed precoding with
interference mitigation, knockdown precoding
represents the case of without interference mitigation.
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antenna height is 15 m. 

Here, we consider the cochannel and adjacent channel 
interference scenario. Figure 4 describes an aggregated 
interference scenario caused by multiple IMT-Advanced BSs. 
The BSs are uniformly (equi-spaced) located on rings around  
the FSS ES. The aggregated interference takes into account the 
interference from all BSs located up to the farthest ring. The 
distance between the closest and the farthest ring R is assumed 
to be 20 km. The radius of the closest ring is the required 
protection distance Dp resulting from the calculation of the total 
sum of the interference contribution.  

3. Simulation Results 

Figure 5 shows the protection distance Dp as a function of 
BS intersite distance DI for the cochannel scenario. 

The number of interfering IMT-advanced BSs decreased as 
DI increases, which results in a decrease in Dp. The proposed 
algorithm with perfect DOE estimation remarkably reduces Dp 
to 7.2 km to 16.6 km, as compared with 45.8 km to 55.7 km 
for the case without the interference mitigation, that is, 
knockdown precoding. Note that the subband deactivation can 
provide very low protection distance of about zero. 

The impact of the DOE estimation error on the performance 
of interference mitigation is also analyzed in Fig. 5. We clearly 
observe that an increase in the DOE estimation error produces 
a greater protection distance. Up to a DOE estimation error of 
15º, the protection distance with the interference mitigation is 
shorter than that without the interference mitigation. We also 
observe that at a DOE estimation error of 5º, the protection 
distance can be reduced to about 49% to 58% compared to the 
case without the interference mitigation. These results indicate 
that, although highly decreased protection distances are 

Table 2. Protection distance for the adjacent channel: (a) 1 km BS 
intersite distance and (b) 6 km BS intersite distance. 

Protection 
distance (km) Interference 

mitigation (with:
○, without: ×)

DOE 
estimation 
error (°) 0 MHz 

GB 
5 MHz 

GB 
10 MHz

GB 
○ 0 1.1 0.089 0.049 

○ 5 13.2 5.6 3.9 

○ 10 25.9 17.7 15.5 

× N/A 36.2 27.9 25.7 

(a) 
Protection 

distance (km) Interference 
mitigation (with:
○, without: ×)

DOE 
estimation 
error (°) 0 MHz 

GB 
5 MHz 

GB 
10 MHz

GB 
○ 0 0.062 0.021 0.019 

○ 5 4.3 0.57 0.29 

○ 10 16.1 8.2 6.3 

× N/A 26.3 18 15.9 

(b) 

 

obtained with help of the proposed interference mitigation, 
complete frequency sharing between two systems is not 
provided. Though not providing a complete spectrum sharing, 
the proposed interference mitigation reduces the protection 
distance by about 50% without any additional radio spectrum 
resources necessary. 

We consider the guard band (GB) variation from 0 MHz to 
10 MHz in adjacent channel interference scenario. In Table 2, 
for all GBs, the protection distances are less than 1.1 km for the 
perfect DOE estimation. On the other hand, the protection 
distance for a 10 MHz GB is 15.9 km to 25.7 km without the 
interference mitigation, that is, spectrum sharing is possible for 
a GB of much more than 10 MHz. In conclusion, the proposed 
interference mitigation saves the spectrum resources more than 
10 MHz. 

VI. Conclusion 

We proposed codebook-based precoding for SDMA-
OFDMA to mitigate interference to an FSS ES as well as to 
support a high data rate. The codebook forms multiple 
orthogonal beams with a common null in the direction of a 
victim FSS ES. The proposed precoding provides 150% higher 
system throughput than frequency subband deactivation. 
Moreover, the precoding is robust against an increase in the 
number of interfering subbands when compared to the subband 
deactivation. The proposed precoding reduces the protection 
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distance by at least 70% (no DOE estimation error) or 50% 
(DOE estimation error) of knockdown. Both knockdown 
precoding for all subbands and subband deactivation have 
weaknesses: higher protection distance due to strong 
interference of knockdown precoding and lower downlink 
throughput due to partial usage of subbands. The proposed 
precoding reaches a compromise between system throughput 
and spectrum sharing. The proposed precoding requires 
additional side information of DOE and interfering subband 
index in comparison with the knockdown precoding. However, 
since the information is static, it is sent to users only once. Thus, 
the weakness of the additional information is minor. 
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