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Integer-Forcing Linear Receiver Design with
Slowest Descent Method

Lili Wei, Member, IEEE and Wen Chen, Senior Member, IEEE

Abstract—Compute-and-forward (CPF) strategy is one cate-
gory of network coding in which a relay will compute and
forward a linear combination of source messages according
to the observed channel coefficients, based on the algebraic
structure of lattice codes. Recently, based on the idea of CPF,
integer forcing (IF) linear receiver architecture for MIMO system
has been proposed to recover different integer combinations of
lattice codewords for further original message detection. In this
paper, we consider the problem of IF linear receiver design
with respect to the channel conditions. Instead of exhaustive
search, we present practical and efficient suboptimal algorithms
to design the IF coefficient matrix with full rank such that the
total achievable rate is maximized, based on the slowest descent
method. Numerical results demonstrate the effectiveness of our
proposed algorithms.

Index Terms—Multiple-input multiple-output, linear receiver,
lattice codes, compute-and-forward, MMSE.

I. INTRODUCTION

IN the past decade, network coding [1] has rapidly emerged
as a major research area in electrical engineering and

computer science. Originally designed for wired networks,
network coding is a generalized routing approach that breaks
the traditional assumption of simply forwarding data, and
allows intermediate nodes to send out functions of their
received packets, by which the multicast capacity given by
the max-flow min-cut theorem can be achieved. Subsequent
works of [2]-[4] made the important observation that, for
multicasting, intermediate nodes can simply send out a linear
combination of their received packets. Linear network coding
with random coefficients is considered in [5]. In order to
address the broadcast nature of wireless transmission, physical
layer network coding [6] was proposed to embrace interference
in wireless networks in which intermediate nodes attempt
to decode the modulo-two sum (XOR) of the transmitted
messages. Several network coding realizations in wireless
networks are discussed in [7]-[11].

There is also a large body of works on lattice codes [12]-
[13] and their applications in communications. For many
AWGN networks of interest, nested lattice codes [14] can ap-
proach the performance of standard random coding arguments.
It has been shown that nested lattice codes (combined with
lattice decoding) can achieve the capacity of the point-to-point
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AWGN channel [15]. Subsequent work of [16] showed that
nested lattice codes achieve the diversity-multiplexing tradeoff
of MIMO channel. In the two-way relay networks, a nested
lattice based strategy has been developed that the achievable
rate is near the optimal upper bound [17]-[19]. The nested
lattice codes have the linear structure that ensures that integer
combinations of codewords are themselves codewords.

Compute-and-forward (CPF) strategy [20]-[21] is a promis-
ing new approach to physical-layer network coding for general
wireless networks, beneficial from both network coding and
lattice codes. In traditional decode-and-forward (DF) scheme,
a relay will decode for individual message and forward; while
in compute-and-forward scheme, a relay will compute a linear
function of transmitted messages according to the observed
channel coefficients. Upon utilizing the algebraic structure of
lattice codes, i.e., the integer combination of lattice codewords
is still a codeword, the intermediate relay node will compute-
and-forward an integer combination of original messages.
With enough linear independent equations, the destination can
recover the original messages respectively. Subsequent works
for design and analysis of the CPF technique have been given
in [22]-[26].

Recently, as a research extension from the idea of CPF
strategy, a new linear receiver technique called integer forcing
(IF) receiver for MIMO system has been proposed in [27]-
[28]. In MIMO communication, the destination often utilizes
linear receiver architecture to reduce implementation complex-
ity with some performance sacrifice compared with maximum-
likelihood (ML) receiver. The standard linear detection meth-
ods include zero-forcing (ZF) technique and the minimum
mean square error (MMSE) technique [29]. In the newly
proposed IF linear receiver, instead of attempting to recover
a transmitted codeword directly, each IF decoder recovers a
different integer combination of the lattice codewords accord-
ing to a designed IF coefficient matrix. If the IF coefficient
matrix is of full rank, these linear equations can be solved for
the original messages.

In this paper, we consider the problem of IF linear receiver
design with respect to the channel conditions. Instead of ex-
haustive search, we present practical and efficient suboptimal
algorithms to design the IF coefficient matrix with full rank
such that the total achievable rate is maximized, based on
the slowest descent method [30]. Slowest descent method is
a technique to search for discrete points near the continuous-
valued slowest descent/ascent lines from the continuous max-
imizer/minimizer in the Euclidean vector space. This method
has been effectively applied to search for binary signatures
with quadratic optimization problems in CDMA systems [31]-
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Fig. 1. MIMO diagram with independent data streams.

[32] and MIMO complex discrete signal detection [33]. In
this paper, to design the IF coefficient matrix with integer
elements, first we will generate feasible searching set instead
of the whole integer searching space based on the slowest
descent method. Then we try to pick up integer vectors within
our searching set to construct the full rank IF coefficient
matrix, while in the meantime, the total achievable rate is
maximized.

The notations used in this work are as follows. {·}T denotes
the transpose operation, | · | represents the cardinality of a set,
Z
n denotes the n dimensional integer ring, Rn denotes the n

dimensional real field. Fp denotes a finite field of size p. In
denotes the identity matrix of size n × n, and 0 denotes the
vectors with all zeros elements. Re(·) and Im(·) denote the real
part and the imaginary part. det(·) denotes the determinant of
a matrix. ∂f/∂(a) denotes the partial derivative of function
f regarding vector a. Assume that the log operation is with
respect to base 2. We use boldface lowercase letters to
denote column vectors and boldface uppercase letters to denote
matrices.

II. SYSTEM MODEL

First we note that it is straightforward that a general
complex MIMO system y = Hx+ z can be easily converted
into an equivalent real system [34] as[

Re(y)
Im(y)

]
=

[
Re(H) −Im(H)
Im(H) Re(H)

] [
Re(x)
Im(x)

]
+

[
Re(z)
Im(z)

]
.

(1)
Hence, we will focus on the real MIMO system for analysis
convenience.

We consider the classic MIMO channels with L transmit
antennas and N receive antennas. Each transmit antenna de-
livers an independent data stream which is encoded separately
to form the transmitted codewords. We assume that the channel
state information is only available at the receiver during each
transmission. Let L = N for analysis simplicity.

Without loss of generality, in one transmission realization,
each antenna has a length-k information vectors wm that is
drawn independently and uniformly over a prime-size finite
field Fp = {0, 1, · · · , p− 1}, i.e.,

wm ∈ F
k
p, m = 1, 2, · · · , L. (2)

Each antenna is equipped with an encoder Ψm, that maps
the length-k messages wm into the length-n lattice codewords

cm ∈ R
n,

Ψm : Fk
p → R

n. (3)

The codeword satisfies the power constraint of 1
n ||cm||2 ≤ P ,

m = 1, · · · , L.
After mapping message wm into a lattice codeword cm with

cm = [cm(1), cm(2), · · · , cm(n)]T , m = 1, · · · , L, (4)

antenna m will transmit one information codeword cm in one
transmission realization with a total of n time slots. In the
i-th time slot, the transmitted signal vector xi ∈ R

L over L
transmit antennas is

xi = [c1(i), c2(i), · · · , cL(i)]T , i = 1, · · · , n. (5)

The MIMO system diagram with independent data streams is
shown in Fig. 1.

Assume a slow fading model where the channel remains
constant over the entire codeword transmission. During one
transmission realization, at the ith time slot, i = 1, · · · , n, the
received vector yi ∈ R

L is,

yi = Hxi + zi, (6)

where H denotes the L× L channel matrix, with H = [hmj ]
and hmj is the real valued fading channel coefficient from
transmit antenna j to receive antenna m, and zi ∈ R

L is
the additive Gaussian noise. The entries of the channel matrix
and the additive noise vector are generated i.i.d. according to
a normal distribution N (0, 1).

To facilitate the detection of desired signals from each
antenna, in a linear receiver architecture, the receiver will
project the received vector yi with some matrix B ∈ R

L×L

to get the effective received vector for further decoding,

di = Byi = BHxi +Bzi = Axi + ni, (7)

where A
�
= BH and ni

�
= Bzi.

The standard suboptimal linear detection methods include
the zero-forcing (ZF) receiver and the minimum mean square
error (MMSE) receiver,

BZF = (HTH)−1HT , (8)

BMMSE = (HTH+
1

P
IL)

−1HT , (9)

where (·)T denotes transpose operation and IL is the L × L
identity matrix. The ZF technique nullifies the interference
such that AZF = IL with the effect of noise enhancement.
The MMSE receiver maximizes the post-detection signal-
to-interference plus noise ratio (SINR) and mitigates the
noise enhancement effects. However, both ZF and MMSE
receiver have been proved to be largely suboptimal in terms
of diversity-multiplexing tradeoff [35].

We recall the important algebraic structure of lattice codes,
that the integer combination of lattice codewords is still a
codeword. Instead of restricting matrix A to be identity,
we may allow A to be some full rank matrix with integer
coefficients, i.e.

AIF ∈ Z
L×L. (10)

Then we can first separately recover linear combinations of
transmitted lattice codewords with coefficients drawn from



2790 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 12, NO. 6, JUNE 2013

L

2

1
1û
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Fig. 2. IF decoder diagram.

matrix AIF, which can be easily solved for the original
messages. Specifically, if

di = [d1(i), d2(i), · · · , dL(i)]T , (11)

then each post-processed output dm(i) is passed into a separate
decoder Πm. After one transmission realization with n time
slots, at one decoder,

Πm : Rn → F
k
p, (12)

it maps the post-processed output dm(1), dm(2), · · · , dm(n)
to an estimate ûm ∈ F

k
p of the linear message combination

um, where

um =
L⊕

l=1

qmlwl =

[
L∑

l=1

amlwl

]
mod p, (13)

where
⊕

denotes summation over the finite field, qml is a
coefficient taking values in Fp and qml = aml mod p. The
original messages can be recovered from the set of linear
equations by a simple inverse operation,

[ŵ1, ŵ2, · · · , ŵL]
T = A−1

IF [û1, û2, · · · , ûL]
T . (14)

The diagram of IF decoder is shown in Fig. 2.
Hence, with integer forcing (IF) technique, the receiver

will try to design a projection matrix BIF ∈ R
L×L, such that

after the projection process of (7), the resulting full rank IF
matrix AIF satisfies that AIF ∈ Z

L×L and the achievable
rate is maximized. We summarize the results regarding IF
receiver in [27]-[28] in the following theorem.

Theorem 2.1: Let AIF = [a1, a2, · · · , aL]T and BIF =
[b1,b2, · · · ,bL]

T . For each pair of (am,bm), let Rm be the
achievable rate of the linear message combination for the m-
th decoder Πm, then

Rm =
1

2
log

(
P

||bm||2 + P ||HTbm − am||2
)
. (15)

For a fixed IF coefficient matrix AIF, Rm is maximized by
choosing1

bT
m = aTmHT

(
HHT +

1

P
IL

)−1

. (16)

�
1The optimal projection matrix is BIF = AIFHT

(
HHT + 1

P
IL

)−1
.

According to Theorem 2.1, we plug the optimal bm of (16)
into Rm of (15), which will result in

Rm =
1

2
log

(
1

aTm Qam

)
, (17)

where

Q
�
= IL −HT

(
HHT +

1

P
IL

)−1

H. (18)

The proof of equation (17)-(18) is in Appendix A.
The total achievable rate of the IF receiver is defined as

Rtotal
�
= L min{R1,R2, · · · ,RL}. (19)

Hence, the design criteria for optimal IF coeffcient matrix AIF

is

AIF = arg max
A∈ZL×L

Rtotal

= arg max
A∈ZL×L

min{R1,R2, · · · ,RL}

= arg max
A∈ZL×L

min
m=1,2,···L

log

(
1

aTm Qam

)
= arg min

A∈ZL×L
max

m=1,2,···L
aTm Qam, (20)

subject to ⎧⎨
⎩

A = [a1, a2, · · · , aL]T ,
det(A) �= 0,
am ∈ Z

L, m = 1, 2, · · · , L.
(21)

It means that we need to find integer vectors a1, a2, · · · , aL
to construct a full rank matrix AIF, such that the maximum
value of aTm Qam is minimized.

Solving this optimization problem is critical as it dominates
the total achievable rate of the desired IF receiver that sources
can reliably communicate with the destination. However, it
is the NP-hard quadratic integer programming problem and
not convex. The exhaustive search solution is too costly. In
this paper, we will propose efficient and practical suboptimal
algorithms to design this integer matrix AIF.

III. INTEGER FORCING LINEAR RECEIVER DESIGN

To approach the optimization problem of (20)-(21), first we
need to generate some feasible searching set Ω ⊂ Z

L for
am ∈ Ω, m = 1, 2, · · · , L, instead of the whole searching
space am ∈ Z

L. Then, we will find L linearly independent
vectors within this searching set Ω to construct the IF coeffi-
cient matrix AIF.

Accordingly, we propose the following strategy with two
steps. In the first step, we generate the searching set Ω based
on slowest descent method [30], which first obtains the opti-
mal minimizer within the continuous domain, and then finds
discrete integer points with closest Euclidean distance from
slowest ascent lines passing through the optimal continuous
minimizer, such that the “good points” with small aT Qa
values are within the candidate set Ω.

In the second step, we pick up a1, a2, · · · , aL ∈ Ω,
to construct the full rank IF coefficient matrix AIF =
[a1, a2, · · · , aL]T , while in the meantime, the maximum value
of aTm Qam is minimized. Then, equivalently, this AIF will
maximize the total achievable rate.
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Fig. 3. Creation of one slowest ascent line.

A. Candidate Set Searching Algorithm with Slowest Descent
Method

We attempt to find the candidate vector set Ω for a ∈ Z
L,

a �= 0, with small aT Qa values based on slowest descent
method. Note that originally slowest descent method [30] is
presented for maximization problem with “slowest descent”
from continuous maximizer. It can be symmetrically applied
to minimization problem with “slowest ascent” from contin-
uous minimizer. We keep the expression of “slowest descent
method” for both cases.

First, we relax the constraint of a ∈ Z
L, a �= 0, and assume,

instead, that a can be continuous, real-valued (a ∈ R
L)

with norm constraint2 ||a|| ≥ 1, then the corresponding
optimization problem becomes,

ac = arg min
a∈RL,||a||≥1

aTQa. (22)

Denote f(a) as the cost function, i.e.,

f(a)
�
= aTQa. (23)

Let g1,g2, · · · ,gL be the L normalized eigenvectors of Q
with corresponding eigenvalues λ1 ≤ λ2 ≤ · · · ≤ λL. The
real-valued vector for the optimization of (22) is well known
and equal to the eigenvector that corresponds to the minimum
eigenvalue of matrix Q, i.e.,

ac = arg min
a∈R2L,||a||≥1

f(a) = g1. (24)

The Hessian of f(a), which is defined as Hf
es(a)

�
=

(∂2f(a))/(∂a∂aT ) is

Hf
es(a) = (∂2f(a))/(∂a∂aT ) = Q, (25)

and well defined at the continuous minimizer vector g1.

2The integer constraint a ∈ Z
L, a �= 0 is equivalent to the constraint

a ∈ Z
L, ||a|| ≥ 1.

Fig. 4. The procedure of slowest descent method.

Then, the eigenvectors g2, g3, · · · , gL of the Hessian
Hf

es(a) = Q defines mutually orthogonal directions of the
least ascent in f(a) from the continuous minimizer ac = g1

[30]. Accordingly, we can construct the slowest ascent lines
as

L(ρ, i) = g1 + ρgi, ρ ∈ R, i = 2, · · · , L, (26)

which pass through the real minimizer ac = g1 with the
direction of gi.

The creation of one slowest ascent line g1+ρgi is shown in
Fig. 3. We can see that when ρ takes values from (−∞,∞),
ρgi is a line in the direction of gi. Hence g1 + ρgi is a line
passing through g1 and parallel with the direction of gi.

Those “good” vectors a ∈ Z
L, a �= 0 that have small f(a)

values stays close to those slowest ascent lines. Thus, we are
trying to identify those vectors that are closest in Euclidean
distance to the above slowest ascent lines, which are the set
of candidate vectors

Ω = {a(ρ, i) : ρ ∈ R, i = 2, · · · , L}, (27)

with
a(ρ, i) = arg min

a∈ZL,a �=0
||a− L(ρ, i)||. (28)

Let M be the bound for searching vector a ∈ Z
L in each

coordinate, i.e., each coordinate of a takes integer value form
[−M,M ]. Denote mj , j = 1, 2, ...2M + 2 as the midpoints
of adjacent discrete points and the bounds of edge points, i.e.,
mj takes value from [−M − 1

2 ,M + 1
2 ] with increasing step

equal to one. In other words, mj ∈ Λ, where

Λ = {−M − 3

2
+ j, j = 1, 2, · · · , 2M + 2}. (29)

For one slowest ascent line g1 + ρgi, the closest points
to this line changes as ρ varies. To determine those points,
it suffices to find the value of ρ for which a(ρ, i) exhibits a
jump. We may partition the real axis as

(−∞, ρ1], (ρ1, ρ2], · · · , (ρT−1, ρT ], (ρT ,+∞), (30)
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such that within each interval (ρi, ρi+1], i = 1, · · · , T − 1,
there exists exactly one discrete point a closest to the slowest
ascent line.

Denote g1 = [g11, g12, · · · , g1,L]T and gi = [gi1, gi2, · · · ,
gi,L]

T . Then a jump in one component of a(ρ, i) occurs when
ρ takes the following value,

ρ′(j−1)∗L+k =
mj − g1k

gik
, (31)

with k = 1, · · · , L, and j = 1, · · · , 2M + 2.
After sorting the ρ′1, ρ′2, · · · , ρ′(2M+2)×2L calculated from

(31) in ascending order, we will get the ρ1, ρ2, · · · , ρT for the
partition of (30) with T ≤ (2M + 2)× L.

Now that we have those intervals for ρ, we are ready to
find the points closest to the slowest ascent line g1+ρgi. For
one interval (ρj , ρj+1], j = 1, · · · , T − 1, we can let ρ take
the value of

ρ =
1

2
(ρj + ρj+1), (32)

and calculate the closest point a(ρj ,ρj+1 ],i by rounding to the
closest integer point as

a(ρj ,ρj+1],i = round

(
g1 +

1

2
(ρj + ρj+1)gi

)
. (33)

After searching through all T − 1 intervals of ρ, we clear
the points beyond the bounds [−M,M ] in any coordinate,
excludes the zero vector3 and put all the final validate points
that closest to one slowest ascent line g1 + ρgi in the set of
Ωi−1, i ∈ {2, · · · , L}.

Finally, for J slowest ascent lines, 1 ≤ J ≤ L − 1, we
obtain the candidate vector set

Ω = Ω1

⋃
Ω2

⋃
· · ·

⋃
ΩJ . (34)

The procedure of slowest descent method is shown in
Fig. 4. In this example, the bound for searching vector a
in each coordinate is M = 2, i.e., each coordinate takes
value from [−2,−1, 0, 1, 2]. mj , j = 1, 2, · · · , 6 is among
Λ = [−2.5,−1.5,−0.5, 0.5, 1.5, 2.5]. There exists a jump in
one component of searching vector a when ρ takes value in
some interval edge such that the slowest ascent line g1 + ρgi

passes the dark solid dots. Within two dark solid dots, there
exists only one point closest to the slowest ascent line. After
proceeding the described slowest descent method, the outcome
candidate points are shown with red solid points.

The complexity reduction of our proposed algorithm for
candidate vector set algorithm based on slowest descent
method with direct exhaustive search is remarkable. Even
when we restrict the direct exhaustive search among the same
bound [−M,M ] in every coordinate for the searching vector,
the direct exhaustive search will need to consider (2M +1)L

searching vectors, which is exponential to L. While with our
proposed algorithm with slowest descent method, we only
need to consider T ≤ (2M + 2)× L points for each slowest
ascent line. For J slowest ascent lines, the total vectors
considered will be less than (2M + 2)J × L. Simulation
will show that only a few slowest descent lines need to be
considered. Hence, the total complexity reduction of proposed

3We add the zero points to facilitate the searching. At the end of the
procedure, the vector with all-zero coordinates will exclude.

algorithm for candidate vector set algorithm based on slowest
descent method is highly favorable.

We summarize our proposed algorithm for candidate vector
set Ω search based on slowest descent method as follows.

Algorithm 1 Candidate Set Search Algorithm with Slowest
Descent Method

Input: Matrix Q, the bound for each coordinate M , and the
number of slowest descent lines J .

Output: The searching vector candidate set Ω.
Step 1: Calculate the eigenvectors g1,g2,· · · ,gL of matrix Q
with corresponding eigenvalues λ1 ≤ λ2 ≤ · · · ≤ λL.
Step 2: Compute the set of Λ which mj , j = 1, 2, ...2M + 2
takes value from,

Λ = {−M − 3

2
+ j, j = 1, 2, · · · , 2M + 2}. (35)

Step 3: For i = 2, · · · , J + 1 (1 ≤ J ≤ L− 1), do

(i) Obtain the jumping points where ρ takes value as

ρ′(j−1)∗L+k =
mj − g1k

gik
,

with k = 1, · · · , L, j = 1, · · · , 2M + 2.
(ii) Sort ρ′1, ρ′2, · · · , ρ′(2M+2)×L in ascending order into

ρ1, ρ2, · · · , ρT .
(iii) For each interval (ρj , ρj+1], j = 1, · · · , T − 1, we take

the value of ρ as

ρ =
1

2
(ρj + ρj+1),

and calculate the closest point a(ρj ,ρj+1],i as

a(ρj ,ρj+1],i = round

(
g1 +

1

2
(ρj + ρj+1)gi

)
.

(iv) Clear the points beyond the bounds [−M,M ] in any
coordinate, excludes the zero vector and put all the final
validate points that closest to one slowest ascent line
g1 + ρgi in set Ωi−1.

Step 3: After searching along J slowest ascent lines, we obtain

Ω = Ω1

⋃
Ω2

⋃
· · ·

⋃
ΩJ . (36)

B. Constructing IF Coefficient Matrix AIF

According to our proposed candidate set search algorithm
with slowest descent method, we get the feasible searching set
Ω for IF vectors a1, a2, · · · , aL. With function f(·) defined
in (23), we sort all vectors within the candidate set Ω such
that

Ω = {t1, t2, · · · , t|Ω| : f(t1) ≤ f(t2) ≤ · · · ≤ f(t|Ω|)}.
(37)

We are trying to choose L linear independent vectors within
this sorted set by

a1 = ti1 , a2 = ti2 , · · · , aL = tiL , for some i1 < i2 < · · · < iL,
(38)
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then the constructed IF coefficient matrix AIF has full rank
L. We will select a1, a2, · · · , aL in Ω based on the greedy
search algorithm [25].

The procedure try to find a1, a2, · · · , aL sequentially and
is described as follows,

a1 = t1

a2 = argmin
t∈Ω

{f(t) | t, a1 are linearly independent}
a3 = argmin

t∈Ω
{f(t) | t, a1, a2 are linearly independent}

...

aL = argmin
t∈Ω

{f(t) | t, a1, · · · , aL−1 are linearly independent}

We summarize this procedure to constructing the full rank
optimal matrix AIF with candidate vector set Ω as follows.

Algorithm 2 IF Coefficient Matrix Constructing with Greedy
Search Algorithm

Input: Searching set Ω, Matrix Q.
Output: The IF coefficient matrix AIF with full rank that gives

the maximum total achievable rate Rtotal.
Step 1: Let f(t) = tTQt and sort all vectors in the searching
candidate set Ω such that

Ω = {t1, t2, · · · , t|Ω| : f(t1) ≤ f(t2) ≤ · · · ≤ f(t|Ω|)}.
Set a1 = t1. Initialize i = 1 and j = 1.
Step 2: While i < |Ω| and j < L, do

(i) Set i = i+ 1.
(ii) Check whether ti, a1,· · · ,aj are linearly independent

according to the determinant of the Gramian matrix. Let
G = [ti, a1, · · · , aj ]. If det(GTG) �= 0, then j = j + 1
and aj = ti. Else goto Step 2.

Step 3: Construct the full rank IF coefficient matrix A as A =

[a1, a2, · · · , aL]T .

IV. EXPERIMENTAL STUDIES

We present numerical results to evaluate the performance
of our proposed algorithm for IF receiver design. First, we
discuss the IF performance with respect to some parameters.
One of them is J , which represents how many slowest ascent
lines are chosen during the candidate set search procedure.
For an example setting with L = 8, which J can take values
in [1, 2, · · · , 7], we average over 10000 randomly generated
channel realizations and show the average rate in Fig. 5. The
bound for each coordinate of searching vector is M = 2.
We can see that as J increases, since the candidate set
Ω = Ω1

⋃
Ω2 · · ·

⋃
ΩJ will expand, the performance is getting

better as expected. However, we do not need to span all
slowest ascent lines since the performance improvements are
becoming indifferent as J becomes larger, for example, J ≥ 4,
which means further increase of J will not have much effect
on the performance.

With the same simulation settings, in Fig. 6, we show
the probability of successful construction of IF matrix after
running the proposed candidate set search algorithm with
slowest descent method and IF coefficient matrix constructing
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Fig. 5. The performance of IF receiver design regarding J (L = 8, M = 2).
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Fig. 6. The probability of successful construction of IF matrix regarding J
(L = 8,M = 2).

with greedy search algorithm. When the candidate set Ω is
too small, there are chances that we could not construct a
full rank IF coefficient matrix with those vectors in Ω. Since
the candidate set Ω is expanding with regarding to the setting
of J , the successful construction probability will raise as J
increases, which can be observed in Fig. 6. On the other hand,
when J ≥ 4, the successful probability of IF integer matrix
is almost equal to 1, which means that we do not need to
consider all L− 1 slowest ascent lines.

Next, we investigate the IF performance regarding the
parameter of M , which is the bound for each coordinate of
searching vector. In other words, for searching vector a =
[a1, a2, · · · , aL], the bound M restrict ai ∈ Z and |ai| ≤ M .
Obviously when M is expanding, the IF performance is getting
improved since we are searching among a broader space. In
Fig. 7, we show the average rate with respect to the setting
example of M with L = 8 and J = 4 over 10000 randomly
generated channel realizations. M = 1 means each coordinate
of the searching vector takes value within [−1, 0, 1]; M = 2
means each coordinate of the searching vector takes value
within [−2,−1, 0, 1, 2], and so on. We can observe that when
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Fig. 7. The performance of IF receiver design regarding M (L = 8,J = 4).
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Fig. 8. The comparisons of different linear detectors(L = 4,J = 2,M = 2).

M ≥ 2, further expanding of M actually does not help
improving the performance any more. This is because that
those “good” vectors a ∈ Z

L, a �= 0 that have small aTQa
values stay close to the continuous minimizer (24) and tends
to have small coordinates. As shown in Fig. 7, M = 2 is good
enough for this setting example. Hence, for different settings,
we can investigate and decide the proper J and M parameters
for further realizations.

After the parameters setting discussion, we are ready to
compare the performance of different linear detection meth-
ods. The standard linear detection methods of ZF and MMSE
are included for comparisons. We also take account in the
channel capacity of C = 1

2 log det(IL + PHHT ), which
represents the upper bound for all receiver structures, linear
or non-linear including joint ML. We include the theoretical
brute forth exhaustive search to construct candidate set for IF
receiver design as well, which has high complexity and not
applicable in practise. In Fig. 8, we show the rate comparisons
over MIMO channels with L = 4, J = 2, M = 2 and
average of 10000 randomly generated channel realizations.
The average rate of the designed IF linear receiver with IF
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Fig. 9. The comparisons of different linear detectors(L = 6,J = 3,M = 2).
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Fig. 10. The comparisons of different linear detectors(L = 8,J = 4,M =
2).

coefficient matrix AIF obtained by our proposed algorithms,
is significantly improved compared to ZF and MMSE linear
receiver. In addition, the performance of our proposed SDM
based algorithms approaches the exhaustive search results.
As the complexity reduction analysis in Section III. A, our
proposed algorithms are practical and efficient. We repeat our
experimental in Fig. 9 with L = 6, J = 3, M = 2, in Fig. 10
with L = 8, J = 4, M = 2. Similar conclusions can be
drawn.

V. CONCLUSIONS

Motivated by recently presented integer-forcing linear re-
ceiver architecture, in this paper, we consider the problem
of IF linear receiver design with respect to the channel
conditions. We present practical and efficient algorithms to
design the IF full rank coefficient matrix with integer elements,
such that the total achievable rate is maximized, based on
the slowest descent method. First we will generate feasible
searching set with integer vector search near the continuous-
valued lines of least metric increase from the continuous
minimizer in the Euclidean vector space. Then we try to pick
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up integer vectors within our searching set to construct the full
rank IF coefficient matrix, while in the meantime, the total
achievable rate is maximized. Numerical studies discuss the
parameter settings and comparisons of other traditional linear
receivers.

APPENDIX A
PROOF OF EQUATIONS (17)-(18)

Denote L �
= 1

P ||bm||2 + ||HTbm − am||2, then

L =
1

P
bT
mbm+bT

mHHTbm−aTmHTbm−bT
mHam+aTmam.

Let F �
= HHT + 1

P IL. Accordingly the optimal bT
m can be

written as

bT
m = aTmHT

(
HHT +

1

P
IL

)−1

= aTmHTF−1.

Plug in this optimal bT
m in L, we have

L = aTm
HTF−1

P
bm + aTmHTF−1HHTbm − aTmHTbm

−aTmHTF−1Ham + aTmam

= aTmHTF−1

(
1

P
IL +HHT

)
︸ ︷︷ ︸

F

bm − aTmHTbm

−aTmHTF−1Ham + aTmam

= aTmam − aTmHTF−1Ham

= aTm
(
IL −HTF−1H

)︸ ︷︷ ︸
Q

am.

Hence,

Rm =
1

2
log

(
P

||bm||2 + P ||HTbm − am||2
)

=
1

2
log

(
1

L
)

=
1

2
log

(
1

aTmQam

)
,

where

Q = IL −HTF−1H

= IL −HT

(
HHT +

1

P
IL

)−1

H.

�

REFERENCES

[1] R. Ahlswede, N. Cai, S. R. Li, and R. W. Yeung, “Network information
flow,” IEEE Trans. Inf. Theory, vol. 46, no. 4, pp. 1204–1216, July 2000.

[2] S. R. Li, R. Ahlswede, and N. Cai, “Linear network coding,” IEEE
Trans. Inf. Theory, vol. 49, no. 2, pp. 371–381, Feb. 2003.

[3] R. Koetter and M. Medard, “An algebraic approach to network coding,”
IEEE/ACM Trans. Netw., vol. 11, no. 5, pp. 782–795, Oct. 2003.

[4] S. Jaggi, P. Sanders, P. A. Chou, M. Effros, S. Egner, K Jain, and
L. Tolhuizen, “Polynomial time algorithms for multicast network code
construction,” IEEE Trans. Inf. Theory, vol. 51, no. 6, June 2005.

[5] T. Ho, R. Koetter, M. Medard, D. R. Karger, M. Effros, J. Shi, and B.
Leong, “A random linear network coding approach to multicast,” IEEE
Trans. Inf. Theory, vol. 52, no. 10, pp. 4413–4430, Oct. 2006.

[6] S. Zhang, S. Liew, and P. P. Lam, “Hot topic: physical-layer network
coding,” in Proc. 2006 ACM Int. Conf. Mobile Comput. Netw., pp. 358–
365.

[7] S. Katti, S. Gollakota, and D. Katabi, “Embracing wireless interference:
analog network coding,” in Proc. 2007 ACM SIGCOMM, pp. 397–408.

[8] S. Katti, H. Rahul, W. Hu, D. Katabi, M. Medard, and J. Crowcroft,
“XORs in the air: practical wireless network coding,” in Proc. 2006
ACM SIGCOMM, pp. 243–254.

[9] Y. Wu, P. A. Chou, and S. Kung, “Information exchange in wireless
networks with network coding and physical-layer broadcast,” Microsoft
Research, Redmond, WA, Tech. Rep. MSR-TR-2004-78, Aug. 2004.

[10] C. Fragouli, D. Katabi, A. Markopoulou, M. Medard, and H. Rahul,
“Wireless network coding: opportunities & challenges,” in Proc. 2007
IEEE MILCOM.

[11] T. Wang and G. B. Giannakis, “Complex field network coding for
multiuser cooperative communications,” IEEE J. Sel. Areas Commun.,
vol. 26, no. 2, pp. 561–571, Apr. 2008.

[12] R. Zamir, “Lattices are everywhere,” in Proc. 2009 Workshop Inf. Theory
Appl.

[13] F. Oggier and E. Viterbo, “Algebraic number theory and code design for
Rayleigh fading channels,” Foundations Trends Commun. Inf. Theory,
vol. 1, pp. 333–415, 2004.

[14] R. Zamir, S. Shamai, and U. Erez, “Nested linear/lattice codes for
structed multiterminal binning,” IEEE Trans. Inf. Theory, vol. 48, no. 6,
pp. 1250–1276, June 2002.

[15] U. Erez and R. Zamir, “Achieving (1/2)log(1+SNR) on the AWGN
channel with lattice encoding and decoding,” IEEE Trans. Inf. Theory,
vol. 50, no. 10, pp. 2293–2314, Oct. 2004.

[16] H. E. Gamal, G. Caire, and M. O. Damen, “Lattice coding and decoding
achieve the optimal diversity-multiplexing tradeoff of MIMO channels,”
IEEE Trans. Inf. Theory, vol. 50, pp. 968–985, June 2004.

[17] M. Wilson, K. Narayanan, H. Pfister, and A. Sprintson, “Joint physical
layer coding and network coding for bidirectional relaying,” IEEE Trans.
Inf. Theory, vol. 56, pp. 5641–5654, Nov. 2010.

[18] B. Hassibi, A. Sezgin, M. Khajehnejad, and A. Avestimehr, “Ap-
proximate capacity region of the two-pair bidirectional Gaussian relay
network,” in Proc. 2009 IEEE Int. Symp. Inf. Theory, pp. 2018–2022.

[19] I. Baik and S. Y. Chung, “Network coding for two-way relay channels
using lattices,” in Proc. 2008 IEEE Int. Conf. Commun., pp. 3898–3902.

[20] B. Nazer and M. Gastpar, “Compute-and-forward: harnessing interfer-
ence through structured codes,” IEEE Trans. Inf. Theory, vol. 57, no.
10, pp. 6463–6486, Oct. 2011.

[21] B. Nazer and M. Gastpar, “Reliable physical layer network coding,”
Proc. IEEE, vol. 99, no. 3, pp. 438–460, Mar. 2011.

[22] M. Nokleby and B. Aazhang, “Lattice coding over the relay channel,”
in Proc. 2011 IEEE Int. Conf. Commun.

[23] C. Feng, D. Silva, and F. R. Kschischang, “An algebraic ap-
proach to physical-layer network coding,” to be published. Available:
http://arxiv.org/abs/1108.1695

[24] J. C. Belfiore and M. A. V. Castro, “Managing interferece through space-
time codes, lattice reduction and network coding,” in Proc. 2010 IEEE
Inf. Thoery Workshop.

[25] L. Wei and W. Chen, “Compute-and-forward network coding design
over multi-source multi-relay channels,” IEEE Trans. Wireless Commun.,
vol. 11, no. 9, pp. 3348–3357, Sep. 2012.

[26] L. Wei and W. Chen, “Efficient compute-and-forward network codes
search for two-way relay channel,” IEEE Commun. Lett., vol. 16, no. 8,
pp. 1204–1207, Aug. 2012.

[27] J. Zhan, B. Nazer, U. Erez, and M. Gastpar, “Integer-forcing linear
receivers,” in Proc. 2010 IEEE Int. Symp. Inf. Theory, pp. 1022–1026.

[28] J. Zhan, B. Nazer, U. Erez, and M. Gastpar, “Integer-forcing linear
receivers: a new low-complexity MIMO architecture,” in Proc. 2010
IEEE Veh. Technol. Conf. – Fall.

[29] D. Tse and P. Viswanath, Fundamentals of Wireless Communications.
Cambridge University Press, 2005.

[30] P. Spasojevic and C. N. Georghiades, “The slowest descent method and
its application to sequence estimation,” IEEE Trans. Commun., vol. 49,
no. 9, pp. 1592–1604, Sep. 2001.

[31] L. Wei, S. N. Batalama, D. A. Pados, and B. W. Suter, “Adapative binary
signature design for code-division multiplexing,” IEEE Trans. Wireless
Commun., vol. 7, no. 7, pp. 2798–2804, July 2008.

[32] L. Wei, S. N. Batalama, D. A. Pados, and B. W. Suter, “Upward scaling
of minimum-TSC binary signature sets,” IEEE Commun. Lett., vol. 11,
no. 11, pp. 889–891, Nov. 2007.

[33] F. Simoens, D. V. Welden, H. Wymeersch, and M. Moeneclaey, “Low
complexity MIMO detection based on the slowest descent method,”
IEEE Commun. Lett., vol. 11, no. 5, pp. 429–431, May 2007.



2796 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 12, NO. 6, JUNE 2013

[34] Y. S. Cho, J. Kim, W. Y. Yang, and C. G. Kang, MIMO-OFDM Wireless
Communications with Matlab. Wiley-IEEE Press, 2010.

[35] K. R. Kumar, G. Caire, and A. L. Moustakas, “Asymptotic performance
of linar receivers in MIMO fading channels,” IEEE Trans. Inf. Theory,
vol. 55, no. 10, pp. 4398–4418, Oct. 2009.

Lili Wei (S’05-M’11) received the B.S. and M.S.
degrees from Shanghai Jiao Tong University, China,
in 1997 and 2000, respectively, and the Ph.D. degree
from the State University of New York at Buffalo in
2008, all in electrical engineering.

From 2000 to 2001, she worked as a R&D
engineer at the Wuhan Research Institute of Posts
and Telecommunications, China. Then, she was with
the Chinese Academy of Telecommunication Tech-
nology, Beijing, China, where she worked on the
development of 3G TD-SCDMA wireless commu-

nication systems until August 2003. After pursuing her Ph.D. degree, she
worked as a Postdoc Research Fellow at the State University of New York
at Buffalo. Since 2011, she has worked at Shanghai Jiao Tong University,
Shanghai, China. Her research interests are in communication theory and
signal processing, including wireless cooperative networks, spread-spectrum
theory and applications, and practical communication systems. Dr. Wei is a
member of the IEEE Communications Society.

Wen Chen (M’03-SM’11) received the B.S. and
M.S. from Wuhan University, China in 1990 and
1993, respectively, and the Ph.D. from the University
of Electro- Communications, Tokyo, Japan, in 1999.
He was a researcher for the Japan Society for the
Promotion of Sciences (JSPS) from 1999 through
2001. In 2001, he joined the University of Alberta,
Canada, starting as a post-doctoral fellow in the
Information Research Laboratory and continuing as
a research associate in the Department of Electrical
and Computer Engineering. Since 2006, he has been

a full professor in the Department of Electronic Engineering, Shanghai
Jiaotong University, China, where he is also the director of the Institute for
Signal Processing and Systems. Dr. Chen was awarded the Ariyama Memorial
Research Prize in 1997 and the PIMS Post-Doctoral Fellowship in 2001. He
received the ”New Century Excellent Scholar in China” award in 2006 and the
“Pujiang Excellent Scholar in Shanghai” award in 2007. He was elected vice
general secretary of the Shanghai Institute of Electronics in 2008. He is on
the editorial board of the International Journal of Wireless Communications
and Networking, and serves the Journal of Communications, the Journal of
Computers, the Journal of Networks and the EURASIP Journal on Wireless
Communications and Networking as (lead) guest editor. He is the Technical
Program Committee chair for IEEE-ICCSC2008 and IEEE-ICCT2012, and the
General Conference Chair for IEEE-ICIS2009, IEEE-WCNIS2010, and IEEE-
WiMob2011. He has published more than 100 papers in IEEE journals and
conferences. His interests cover network coding, cooperative communications,
cognitive radio, and MIMO-OFDM systems.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /ACaslonPro-Bold
    /ACaslonPro-BoldItalic
    /ACaslonPro-Italic
    /ACaslonPro-Regular
    /ACaslonPro-Semibold
    /ACaslonPro-SemiboldItalic
    /AdobeFangsongStd-Regular
    /AdobeHeitiStd-Regular
    /AdobeKaitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobeSongStd-Light
    /AGaramondPro-Bold
    /AGaramondPro-BoldItalic
    /AGaramondPro-Italic
    /AGaramondPro-Regular
    /AgencyFB-Bold
    /AgencyFB-Reg
    /Aharoni-Bold
    /Algerian
    /Andalus
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Aparajita
    /Aparajita-Bold
    /Aparajita-BoldItalic
    /Aparajita-Italic
    /ArabicTypesetting
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BirchStd
    /BlackadderITC-Regular
    /BlackoakStd
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BradleyHandITC
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /BrushScriptMT
    /BrushScriptStd
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Castellar
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ChaparralPro-Bold
    /ChaparralPro-BoldIt
    /ChaparralPro-Italic
    /ChaparralPro-Regular
    /CharlemagneStd-Bold
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CooperBlackStd
    /CooperBlackStd-Italic
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CurlzMT
    /DaunPenh
    /David
    /David-Bold
    /DFKaiShu-SB-Estd-BF
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /DokChampa
    /Dotum
    /DotumChe
    /Ebrima
    /Ebrima-Bold
    /EccentricStd
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversMT
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /EstrangeloEdessa
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /EuphemiaCAS
    /FangSong
    /FelixTitlingMT
    /FootlightMTLight
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Gabriola
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Gautami-Bold
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GiddyupStd
    /Gigi-Regular
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /Gisha
    /Gisha-Bold
    /GloucesterMT-ExtraCondensed
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /HoboStd
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /IskoolaPota
    /IskoolaPota-Bold
    /JasmineUPC
    /JasmineUPCBold
    /JasmineUPCBoldItalic
    /JasmineUPCItalic
    /Jokerman-Regular
    /JuiceITC-Regular
    /KaiTi
    /Kalinga
    /Kalinga-Bold
    /Kartika
    /Kartika-Bold
    /KhmerUI
    /KhmerUI-Bold
    /KodchiangUPC
    /KodchiangUPCBold
    /KodchiangUPCBoldItalic
    /KodchiangUPCItalic
    /Kokila
    /Kokila-Bold
    /Kokila-BoldItalic
    /Kokila-Italic
    /KozGoPro-Bold
    /KozGoPro-ExtraLight
    /KozGoPro-Heavy
    /KozGoPro-Light
    /KozGoPro-Medium
    /KozGoPro-Regular
    /KozMinPro-Bold
    /KozMinPro-ExtraLight
    /KozMinPro-Heavy
    /KozMinPro-Light
    /KozMinPro-Medium
    /KozMinPro-Regular
    /KristenITC-Regular
    /KunstlerScript
    /LaoUI
    /LaoUI-Bold
    /Latha
    /Latha-Bold
    /LatinWide
    /Leelawadee
    /Leelawadee-Bold
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LevenimMT
    /LevenimMT-Bold
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /LithosPro-Black
    /LithosPro-Regular
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Magneto-Bold
    /MaiandraGD-Regular
    /MalgunGothic
    /MalgunGothicBold
    /MalgunGothicRegular
    /Mangal
    /Mangal-Bold
    /Marlett
    /MaturaMTScriptCapitals
    /Meiryo
    /Meiryo-Bold
    /Meiryo-BoldItalic
    /Meiryo-Italic
    /MeiryoUI
    /MeiryoUI-Bold
    /MeiryoUI-BoldItalic
    /MeiryoUI-Italic
    /MesquiteStd
    /MicrosoftHimalaya
    /MicrosoftJhengHeiBold
    /MicrosoftJhengHeiRegular
    /MicrosoftNewTaiLue
    /MicrosoftNewTaiLue-Bold
    /MicrosoftPhagsPa
    /MicrosoftPhagsPa-Bold
    /MicrosoftSansSerif
    /MicrosoftTaiLe
    /MicrosoftTaiLe-Bold
    /MicrosoftUighur
    /MicrosoftYaHei
    /MicrosoftYaHei-Bold
    /Microsoft-Yi-Baiti
    /MingLiU
    /MingLiU-ExtB
    /Ming-Lt-HKSCS-ExtB
    /Ming-Lt-HKSCS-UNI-H
    /MinionPro-Bold
    /MinionPro-BoldCn
    /MinionPro-BoldCnIt
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Medium
    /MinionPro-MediumIt
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /Miriam
    /MiriamFixed
    /Mistral
    /Modern-Regular
    /MongolianBaiti
    /MonotypeCorsiva
    /MoolBoran
    /MS-Gothic
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MS-UIGothic
    /MVBoli
    /MyriadPro-Bold
    /MyriadPro-BoldCond
    /MyriadPro-BoldCondIt
    /MyriadPro-BoldIt
    /MyriadPro-Cond
    /MyriadPro-CondIt
    /MyriadPro-It
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /Narkisim
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NSimSun
    /NuevaStd-BoldCond
    /NuevaStd-BoldCondItalic
    /NuevaStd-Cond
    /NuevaStd-CondItalic
    /Nyala-Regular
    /OCRAExtended
    /OCRAStd
    /OldEnglishTextMT
    /Onyx
    /OratorStd
    /OratorStd-Slanted
    /PalaceScriptMT
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Papyrus-Regular
    /Parchment-Regular
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PlantagenetCherokee
    /Playbill
    /PMingLiU
    /PMingLiU-ExtB
    /PoorRichard-Regular
    /PoplarStd
    /PrestigeEliteStd-Bd
    /Pristina-Regular
    /Raavi
    /RageItalic
    /Ravie
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rod
    /RosewoodStd-Regular
    /SakkalMajalla
    /SakkalMajallaBold
    /ScriptMTBold
    /SegoePrint
    /SegoePrint-Bold
    /SegoeScript
    /SegoeScript-Bold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /SegoeUI-Light
    /SegoeUI-SemiBold
    /SegoeUISymbol
    /ShonarBangla
    /ShonarBangla-Bold
    /ShowcardGothic-Reg
    /Shruti
    /Shruti-Bold
    /SimHei
    /SimplifiedArabic
    /SimplifiedArabic-Bold
    /SimplifiedArabicFixed
    /SimSun
    /SimSun-ExtB
    /SnapITC-Regular
    /Stencil
    /StencilStd
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TektonPro-Bold
    /TektonPro-BoldCond
    /TektonPro-BoldExt
    /TektonPro-BoldObl
    /TempusSansITC
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /TraditionalArabic
    /TraditionalArabic-Bold
    /TrajanPro-Bold
    /TrajanPro-Regular
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga
    /Tunga-Bold
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Utsaah
    /Utsaah-Bold
    /Utsaah-BoldItalic
    /Utsaah-Italic
    /Vani
    /Vani-Bold
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vijaya
    /Vijaya-Bold
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Vrinda
    /Vrinda-Bold
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


