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In this paper we consider a scenario, where several small-cells work under the same coverage area and spectrum of a macrocell.
The signals stemming from the small-cell (macrocell) users if not carefully dealt with will generate harmful interference into the
macrocell (small-cell). To tackle this problem interference alignment and iterative equalization techniques are considered. By using
IA all interference generated by the small-cell (macrocell) users is aligned along a low dimensional subspace, at the macrocell
(small-cells). This reduces considerably the amount of resources allocated, to enable the coexistence of the two systems. However,
perfect IA requires the availability of error-free channel state information (CSI) at the transmitters. Due to CSI errors one can have
substantial performance degradation due to imperfect alignments. Since in this work the IA precoders are based on imperfect CSI,
an efficient iterative space-frequency equalization is designed at the receiver side to cope with the residual aligned interference. The
results demonstrate that iterative equalization is robust to imperfect CSI and removes efficiently the interference generated by the
poorly aligned interference. Close to matched filter bound performance is achieved, with a very few number of iterations.

1. Introduction

The operators are considering the deployment of smaller cells
(e.g., picocells and femtocells) along its macrocells to cope
with the exponential demand for data traffic verified in the
last years [1, 2]. However, a higher network densification
has also its limitations. More cells per unit area leads to
higher levels of interference and as a consequence the system
performance is degraded [2, 3]. To deal with this interference,
the small-cells must reuse the macrocell resources, since the
macrocell is the owner of the spectrum.

The use of the space domain is of special importance
when dealing with interference in an heterogeneous based
network environment. Zero-forcing (ZF) is the most com-
monly used technique to deal with interference. ZF works
by inserting a null in the direction of the terminal subject
to interference. Interference alignment (IA) is another option
to deal with this type of interference, especially when the
interference is generated by several terminals. IA is a linear

precoding technique that manages this type of interference by
aligning the multiterminal interference along a low dimen-
sional subspace, whereas the intended signal space spans a
different subspace. For the interference channel, IA has been
shown to achieve the degrees of freedom outer bound [4, 5].
Closed-form solutions are only available for some specific
cases [6], while for the general case IA approaches are based
on iterative methods [6-8]. In [6], two iterative algorithms
were proposed that take advantage of reciprocity in wireless
networks to achieve IA, with only local channel knowledge at
each node. A convergent alternating minimization approach
to IA was proposed in [7]. In [8] the authors presented
two algorithms that optimize the precoding subspaces by
maximizing the data rate performance while maintaining the
achievable degrees of freedom.

In the context of heterogeneous networks, the works
in [9-12] studied some IA techniques to deal with the
interference generated by the small-cell user terminals (UTs)
towards the macrocell. In [9] the authors proposed a new



IA scheme that successively creates transmit beamforming
vectors for the small-cell terminals and for the macro-
BS assuming that they have different number of transmit
antennas. The work in [10] studied IA techniques with
different levels of intersystem information exchange. In [11]
the spatial dimensions left available by the macrocell were
used to transmit the small-cells data. In this work only a single
macrocell UT is scheduled per subcarrier and perfect CSI is
available at the transmitters. The interference generated by
the small-cells is aligned in an orthogonal subspace to the
macrocell received signal subspace. The case of IA precoder
designed under limited information exchange has been ana-
Iytically tackled in [13], for narrowband heterogeneous based
networks.

Single-carrier frequency division multiple access (SC-
FDMA) has alower peak-to-average power ratio (PAPR) than
OFDMA [14]. As the mobile terminals are low power devices
SC-FDMA has been adopted, for the uplink, as the multiple
access scheme of the current long-term evolution (LTE)
cellular system [13]. It is also a promising solution technique
for high data rate uplink communications in future cellular
systems. Single-carrier frequency domain equalization (SC-
FDE) is widely recognized as an excellent alternative to
OFDM, especially for the uplink of broadband wireless
systems [15, 16]. The SC-FDE based schemes may be either
linear or nonlinear. Optimized linear frequency domain
equalization (FDE) is widely used in conventional SC-FDE
schemes. However, it suffers from high residual interference
levels, leading to poor performance, that is, several dB from
the matched filter bound (MFB) [17]. On the other hand,
nonlinear FDE even if more complex do not suffer from
this drawback. For this reason, the designing of nonlinear
FDE in general and decision-feedback FDE in particular, with
the iterative block decision-feedback equalization (IB-DFE)
being the most promising nonlinear FDE [17] has gained
significant attention lately. IB-DFE was originally proposed
in [18] and was extended for a wide range of scenarios in the
last years, ranging between diversity scenarios, multiplexing
MIMO, and MC-CDMA systems, among many others [19-
26].

Contributions. In this paper we design a practical and efficient
multitier IA-precoding with iterative space-frequency equal-
ization approach to cope with the residual intertier alignment
interference, caused by the imperfect knowledge of the CSI
at the terminals. The main contributions of the paper are as
follows.

(i) We extend the work of [11] by considering a more
general and realistic case, where the macrocell serves
more than one user per subcarrier. The schemes
proposed in [14], were designed by assuming that
the macrocell only serves a single user. Therefore,
we use IA to align the generated interference along
two predefined subspaces (one for the macrocell
and another for the small-cells). These subspaces
are assumed to be known in advance at both cells.
Furthermore, a generic number of antenna terminals
are considered contrarily to [11], where the schemes
were designed for a specific set of antennas.
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(ii) The proposed iterative equalizer scheme is designed
considering explicitly imperfect CSI, contrarily to
[14], where perfect CSI was assumed. Furthermore,
as SC-FDMA terminals are also prone to intercarrier
interference (ICI) the equalizer design takes into
account not only the residual interference but also the
ICL

(iii) Additionally, a simple and accurate semianalytical
approach is proposed to obtain the performance of
the proposed receiver structure.

The results demonstrate that the proposed iterative
algorithm achieves good performance with imperfect CSI,
since it efficiently removes the residual intertier interference
generated by the poor interference alignment. Moreover, the
proposed schemes achieve a performance close to matched
filter bound, with only 2-4 iterations. This means that with
the proposed scheme the small-cell users can coexist under
the same spectrum of the macrocell without significant
interference, even under imperfect CSI knowledge, and with
moderate complexity.

Organization. This paper is organized as follows. Section 2
presents the system model. In Section 3, we start by designing
the TA precoder. Then the proposed receiver structures
are presented in detail and a semianalytical approach for
obtaining the performance is discussed. Section 4 presents
the main simulation results. The conclusions will be drawn
in Section 5.

Notation. Boldface capital letters denote matrices and bold-
face lowercase letters denote column vectors. The operations
()™and tr(-) represent the Hermitian transpose and the trace
of a matrix. {o}}, represents L length sequence. I is the
identity matrix with size N x N. null(A) denotes a matrix
whose columns span the null space of matrix A. d(p) and
D(p) denote the element p of vector d and the entry (p, p) of
diagonal matrix D, respectively. The indexes s and m are used
to represent the small-cell and the macrocell, respectively.

2. System Model

Let us consider K, small-cells working under the same
spectrum and under the coverage area of a macrocell, as
depicted in Figure 1. Both macro- and small-cell terminals use
as access technique SC-FDMA with L available subcarriers.
The macrocell serves K,, UT’s and each small-cell serves
one UT. In the following, the macrocell kth user terminal is
denominated by UT,,, and the UT small-cell by UT . The
index [ is used to denote a given subcarrier of the L available.

2.1. Macrocell System. At the macrocell a BS serves K,,
associated UTs, where the number of antennas at the BS and
each UT is M, and M,, respectively. The received frequency
domain signal (i.e., after cyclic prefix removal and FFT
operation) at the macrocell BS on the /th subcarrier is given

by

! 1 1 1l 1
Ym = Hmmxm + Hmsxs + nm’ (1)

—
Inter-System  Noise

Interference

Desired Signal
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FIGURE 1: Block diagram of the considered heterogeneous system.

1 1 . .
where H, =~ and H,  are block matrices; that is,

! 1 ! M, %K, M
H,, = MHy,poH,,c]l € C * and
! 1 1 MxNK, gyl !
Hms = [Hms,l’ e Hms,K] € C e Hmm,K(Hms,K)
denotes the channel matrix between UT,, ((UT,y) and
: ! H H 1H
the BS on the Ith subcarrier. x,, =[x, ,....X, ¢ |7 €
CSnfom (xi = [xfl,...,fo]H e C%K) represents the

concatenation of all macrocell UTs (small-cells UT) transmit
signals on the Ith subcarrier, and nin white Gaussian noise
with variance afmise. S,,, denotes the number of streams sent
by each macrocell terminal and S, denotes the number of
streams sent by each small-cell terminal.

The macro-UT,, ; transmit signal is given by

1 1 1
xm,k - Vm,k zm,k’

' . (2)
hatol o)

where zin)k( p) is the discrete Fourier transform (DFT) of the
sequence {din)k(p)}le, Vin)k € CM>S» is a unitary linear
precoder ((Vlm’k)HVin,k = Ism), and dlm’k € CM: denotes the
vector of data symbols transmitted by UT,, ;. at subcarrier L.
The data symbols are drawn from a M-QAM constellation.
din’k(p) is the p element of din)k whose average power is

constrained to [E[Idin,k(p)lz] =P,.

2.2. Small-Cells. Each small-cell has one access point (AP)
and an associated UT. It is assumed that each AP and UT is
equipped with N, and N, antennas, respectively. The received
signal yi e CN 1 in frequency domain at the central unit,
where the joint processing of all APs signals is done, and
subcarrier [ is

yi _ Hl Xl + Hl Xl 1

+ n
SSTS sm_m s )
— s Neise (3)
Desired Signal ~ Inter-System  Noise
Interference

where His e CNEXNK: 44.d Him ¢ CNKXMK,

denote the overall channels between the small-cell UTs
to the APs and channel between the macrocell UTs to
the APs on the Ith subcarrier, respectively. The matrix

3

H, = |[H,, - H,, - H, ;]| where H =

SS - ss,1 SsS,n ss,K |? ss,n -
1H 1H 1H 1H

[Hsml - Hyg,; - HSM)KS] and H(, ; represents the

channel matrix between the nth small-cell UT and the ith AP.
The same applies to channel matrix Him. ni is the zero mean
white Gaussian noise with variance o7, ... The transmit signal

at small-cell UT, is obtained through the linear map Vi’k:
Xi,k = Vi,kzi,k' (4)

The sequence {zi)k(p)}l]; | is the DFT of the data symbols
{d,(p)h,, with E[|d,,(p)I’] = P,. The data symbols are
drawn from a M-QAM constellation. The precoder Vls)k €
CNSs) vk € {1,..., K} is unitary; that is, (Vi,k)HVi)k =1

3. Precoders and Equalizers Design

In this section, we design the IA precoders and derive new
iterative frequency domain equalizers by taking into account
both the ICI and residual intertier interference. Due to the
symmetry of the scenario considered, we will only describe
the design of the IA precoders at the small-cell UTs and the
iterative equalizer for the macro BS.

3.1. Signal Quantization. To compute the small-cell k pre-
coder Vi’k the knowledge of the cross-tier channel Hlms’k is
required. In the following, we assume that this information
is made available to the corresponding small-cell after being
quantized:

I’:Ilms,k = fQ (Re {Hins,k}) + ]fQ (Im {Him,k}) > )

where fo() denotes a quantization function and the opera-
tors Re{-} and Im{-} denote the real and imaginary part of

Hlms - In the next sections we will consider only uniform

quantizers with 2° levels equally spaced between the clip-
ping levels —A,, and A, . The quantization of a matrix is
performed element wise.

3.2. Precoders Design. To design the small-cell UT precoders
we use IA and enforce that all interference is contained within
the column space of matrix Ai. The interference subspace
matrix may be optimized to maximize some system metric.
For simplicity, we consider this matrix randomly selected
accordingly to a given probability distribution, known by
all terminals. The UT,; precoder can be mathematically
described by

! 1ol
Vi, =null (QH,, ), (6)
where Qi = null(Als) denotes the orthogonal complement
of the subspace defined by matrix Als. The use of a random
matrix reduces the need for information exchange between
the two tiers.

3.3. Iterative Equalizer Design for the Macro-Cell. The equal-
izer must deal with both the ICI and the intertier interference.
Linear equalizers have poor performance for SC-FDMA
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FIGURE 2: Iterative macrocell receiver structure based on IB-DFE
principle.

based systems, due to the residual ICI, and consequently
they are not well suited also for heterogeneous systems.
Consequently, we consider instead an iterative nonlinear
equalizer, the IB-DFE, to tackle at the same time both the ICI
intertier and the interference.

In Figure 2 we present the proposed IB-DFE receiver
structure, for the ith iteration. The received signal on the Ith
subcarrier and ith iteration, before the IDFT operation, is

% = Fo¥, -~ Bx 7)

=i —li —lz —ll 1,i
where X = [X(1),....X.(p)....X (S, K )] . E €
CSmEm XM denotes the feedforward matrix and Bl' €

CSEKnSnkn the feedback matrix. The sequence {X {_l’(p)}l L s

the IDFT of the detector output {dm( P)}lzr For normalized

—1i
QPSK constellations (i.e., d,,(p) = £1 + j) the average values
are given by (see [23] for details),

(Li)Re (Li)Im
d (p) = tanh(IJT(P)) +jtanh(LmT(p)> , (8)

where

i)Re 2 !
LR (p) = 2 i Re{d): (p)},
L oy 2 gy {d ()}
'm 0’,(,1,’1‘)2 " ©)
w1 A i’
O =iz dm()_dm (P)
'=0

The extension to other constellations is considered in [24]
The hard decision d* ( p) associated with data symbol d W (P)

ai,rz; (p) = sign <Re {ai,; (P)})
+ jsign <Im {aln; (P)}) :

(10)

It can be shown that X! ~ ¥/ ¥ _l + W e where e isa
zero mean error vector and ¥, a dlagonal correlation matrix.
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The correlation coefficient computed for the jth L-length data
block is

. E[d (p)d
¥ (p) = [ (P)], =1L Q)

E(|d, (p)]

This scalar ¥, (p) represents a measure of the reliability of the
estimates of the pth L-length data block associated with the
ith iteration, which can be approximately given by

1 Lt A A 5
L2 @)+ () a2)

=0

¥, (p) =

where

2

(15 )
MGH)

For a given iteration, we have seen that the iterative
nonlinear equalizer is characterized by the matrices Fir’l and

Bl,;’;, which are selected to minimize the average bit error rate
(BER). For a QPSK constellation with Gray mapping the BER
is approximately given by [23]

-1
BER' = Q <Pm < ZMSE”) > ) (14)
l 1

where Q(x) denotes the Q function and MSE; denotes the
mean square error on the frequency domain samples iin,

which is given by

- [l -]
=E[u((Z-,) (7 -4,)")].

After some mathematical manipulations, it can be shown
that (15) can be reduced to

(I,i)Re
\Il(l’i)Re (p) = tanh < M) S

v, (p) =t

MSEY = tr (F5RS, F4) + tr (BIR Y, BY))

+8,K, —2tr (Re {ER),  })
(16)
+2tr(Re {ByR, ", 1)

m=z,

~2tr (Re {BIRYL FO7L).

2 A
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The different correlation matrices of (16) are given by

Ri,lm =E [YinYZ]

= H R H m T KS; A A +R,,
i—1 —x =T i-1)?
R, =E[z,7,] =", "R,
. - (17)
i— —% i—
RE \Z, =E [Zmzm] = ‘Pm Rm’

m>£m

R, , =E[y,z,] =H,,R,,

Li— —x ] i~1)° 1"
Kl 17 = IE [ZmYm] = ‘1’5711 K RmHmm

Zm>Ym

with R, = P, mls K and R, (onmse/P + o? )IM being
the correlatlon matrices of the data symbols and of the
residual noise, respectively. O'Q denotes the power of the noise
introduced by the quantization procedure, which is assumed
approximately Gaussian distributed.

To optimize the parameters of the iterative equalizer,
that is, matrices F-' and B%/, we use as a metric the average
BER (14). This optimization problem may be mathematically
formulated as follows:

min MSE"
F,.B),
(18)

L
%thr (FuH,,,) = S,K,p.

The Lagrangian and Karush-Kuhn-Tucker (KKT) conditions
[27, 28] of optimization problem (18) are, respectively,

L(FLB., )
Li 1< Li
= MSE ~ Um LZ (FmHmm) Sme >
1
Vel (For, By fh,,) = 0, (19)
Vil (B, By, ) = 0,

L
%thr(Fi:lem) 8K, = 0,
=1

where p,, is the Lagrangian multiplier. The solution to
optimization problem (18) is

Fi-ol ol (AD)7,

m> T mm m

B = FmHmm - ISme, (20)
. _ (471)2
), = (Ly, ~¥5") ~ thalyg,

where AL, = H (I - YOU)H!  + KSAA” +

/P, + O'Q)I /,tm is the Lagrangian multiplier, and O‘Q is

( nolse

the quantization noise power. For the first iteration (i = 1)
matrix ¥, and vector ily’: are a null matrix and a null vector,
respectively.

As discussed above, the macrocell UTs precoders and the
iterative equalizer used at the CU can be easily obtained by
following the same procedure used to compute the small-cell
UTs precoders and the macrocell BS equalizer, respectively.

The semianalytical approach consists in using (16) and
(17) to obtain an estimate of the average BER; see (14).
Relatively to the complexity, each iteration of the proposed
receiver structures is similar to the linear MMSE based
equalizer, since the most part of complexity comes from the
matrix inversion to compute the feedforward coefficients.
Therefore, the additional complexity of the proposed receiver
is basically given by the number of equalizer iterations.

4. Performance Results

In this section we access the performance of the proposed
multitier IA-precoding and IB-DFE techniques. The number
of antennas at the macro-BS, macro-UTs, small-cell APs, and
small-cell UTs is set to M, = 4, M, = 3, N, = 3, and
N, = 3, respectively. Each user terminal, both macro- and
small-cell UTs, transmits one stream; that is, S,, = S, =
The number of macrocell UTs and the number of small-cells
are set to K,, = K, = 2. The block and FFT size are set
both to L = 128 and QPSK with Gray mapping was adopted.
The channels between each transmitter and receiver pair are
uncorrelated and severely time-dispersive, each one with rich
multipath propagation and uncorrelated Rayleigh fading for
different multipath components. Specifically, we assume L
32 symbol spaced paths with uniform power delay profile and
uncorrelated Rayleigh fading. The same conclusions could be
drawn for other multipath fading channels, if the number
of separable multipath components is high. In addition,
we assume perfect CSI at the receiver side (the cross-tier
channels are quantized) and synchronization. We use as a
metric for performance evaluation the average bit error rate
(BER) asa function of E;,/ N, with E;, denoting the average bit
energy and N, denoting the one-sided noise power spectral
density. For the sake of comparisons we also include the MFB.
Let us start by considering the case without cross-tier
quantization (B = 00). In Figures 3 and 4 we present results
for the macrocell and small-cells (i.e., at the CU), respectively.
In these two figures, we present results for the first, second,
and fourth iterations of the proposed iterative equalizer. The
MEFB curve is also plotted as a baseline. For the first iteration
the IB-DFE reduces to the linear MMSE based equalizer, since
¥ and )_(i;? are a null matrix and a null vector, respectively.
As the iteration number increases the performance of the
proposed method improves. For the 4th iteration and for high
SNR a performance close to MFB is reached. This indicates
that the proposed multitier IA in conjunction with IB-DFE
efficiently removes the generated ICI and intertier interfer-
ences. Moreover, the semianalytical approximation is quite
precise. Indeed, for the first iteration, where the IB-DFE based
equalizer reduces to a linear MMSE based frequency domain
equalizer, they almost overlap. This is a consequence of the
accuracy of the Gaussian assumption made to derive the
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FIGURE 3: Performance evaluation at the macrocell, no quantization.

Ey /Ny (dB)
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—o— IB-DFE(2) sim. -8- IB-DFE(4) ana.
—&— IB-DFE(4) sim. —— MFB
-+~ IB-DFE(1) ana.

FIGURE 4: Performance evaluation at the central unit, no quantiza-
tion.

proposed semianalytical results. For highly time-dispersive
channels with rich multipath propagation the inter-symbol-
interference (ISI) is high and therefore the signals of interest
may be assumed Gaussian. Nevertheless, at the second and
fourth iterations the ISI is already significantly reduced.
Therefore, the Gaussian approximation of the residual ISI is
less accurate, mainly for low E, /N, values.

Now let us consider the case with quantization. The
results for this case are presented in Figures 5 and 6 for
macrocell and central unit, respectively. For this case, due
to the quantization procedure there is residual interference
between the UTs signals that may affect significantly the
system performance. From these figures, we can verify that
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FIGURE 5: Performance evaluation at the macrocell, with quantiza-
tion.
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-e- 4-bitana.
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FIGURE 6: Performance evaluation at the central unit, with quanti-
zation.

the semianalytic results are still close to the ones obtained
by simulation. Furthermore, with just four iterations and
6 bits we achieve close to the MFB performance. We also
can see that when we have a single iteration there is a
significant performance degradation from the 4-bit to the
6-bit performance since the interuser interference increases
as the number of quantization bits decreases. For the 4th
iteration the performance degradation from the 4 bit to the
6 bit curve is lower, which means that increasing the number
of iterations of the equalizer reduces considerably the impact
inherent to the noise introduction by the quantization.
Furthermore, with just four iterations and 6 bits we achieve
close to the MFB performance and we verify that as the
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number of quantization bits increases the performance of
the proposed method improves. With just 6 bits the achieved
performance is very close to the unquantized approach and
for the fourth iteration it is even very close to the MFB.

By comparing the results at the small-cells to the ones
at the macro we verify that the performance of the macro is
slightly degraded in comparison to the small-cells. This fact
stems from the additional degrees of freedom available at the
CU, in comparison with the macro-BS. The macro-BS has 3
antennas and the CU has 4 antennas, 2 from each aggregated
AP.

5. Conclusions

In this paper, we proposed the use of IA in conjunction
with iterative space-frequency equalization to enable the
coexistence of a set of small-cells within the coverage area of
a macrocell. A frequency reuse of one has been considered.
By using IA the intertier/system interference is aligned at
a predefined subspace, at both cells. Nevertheless, due to
the availability of only imperfect channel knowledge at the
user terminals the alignment is poor and this results in
severe interference. To deal with this type of interference
we proposed to adapt the IB-DFE from the single-tier case
to the multitier scenario. To achieve this the optimization
of the iterative equalizer was done by taking into account
this additional interference. We also proposed an accurate
semianalytical approach for obtaining the performance of
the proposed schemes. The results showed that IA-precoding
works well with iterative equalization allowing a close-to-
optimum space-diversity gain; that is, for the considered
scenario 4 iterations were sufficient to achieve close to MFB
performance. Therefore, the proposed equalizers are robust
to the intertier interference and well suited to deal with
the intertier interference limitations of the heterogeneous
networks.
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