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Abstract—It is known that Wideband Code-Division Multiple
Access (W-CDMA) networks are limited by interference more
than by any other single effect. Due to the frequency selectivity
of the wireless channel, intra-cell interference composed of selfand other-user interference occurs. The intra-cell interference as
a result of Transmit Antenna Array (TxAA) HSDPA multi-user
transmissions, however, shows a special structure that can be
exploited to allow for an efficient interference suppression. The
contributions of this article are the following: we (a) propose
a suitable system model to derive an intra-cell interference
aware Minimum Mean Squared Error (MMSE) equalizer with
moderate complexity and investigate its capabilities to suppress
the multi-user intra-cell interference, (b) propose solutions to
estimate the pre-coding state of the cell both with and without
available training, and (c) investigate the resulting throughput
performance with physical layer as well as system-level simulations. Our proposed solution can be interpreted as a multi-user
extension of the classical MMSE equalizer for HSDPA systems
without decoding the undesired users, resulting in only slightly
increased complexity.
Index Terms—MIMO, TxAA, HSDPA, W-CDMA, MMSE,
interference-awareness, multi-user, blind estimation, pre-coding.

I. I NTRODUCTION

H

IGH speed downlink packet access (HSDPA) has been
standardized as an extension of the Universal Mobile
Telecommunications System (UMTS) as a part of the third
Generation Partnership Project (3GPP) Release 5 [3]. It is
the spectrally most efficient Wideband Code-Division Multiple
Access (W-CDMA) system commercially available at the moment. To satisfy the need for higher data rates and new services
with the current base station sites, even higher cell capacities
and spectral efficiencies have to be achieved. Correspondingly,
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3GPP has decided to incorporate Multiple-Input MultipleOutput (MIMO) techniques for the enhancement of Frequency
Division Duplex (FDD) HSDPA, with Transmit Antenna Array
(TxAA) being one of those [4].
It is well known that the performance of cellular W-CDMA
networks is limited by interference more than by any other
single effect. In particular, the intra-cell interference caused
by the loss of orthogonality between the spreading codes due
to the frequency selective channel imposes restrictive throughput constraints. To combat this effect, in HSDPA Minimum
Mean Squared Error (MMSE) equalizers are disposed [5], [6].
However, these solutions do not take multi-user operation or
the interference structure in the cell into account. In [7], Multi
User (MU) interference terms are considered but the authors
investigated a non-standard conform pre-coding scheme and
the proposed equalizer works on symbol-level as opposed
to our chip-level based receiver. Moreover we also take the
interference caused by the pilots into account.
In the downlink each receiver needs to detect a single
desired signal, while experiencing two types of interference.
These are caused by the serving Node-B (intra-cell interference) and by a few dominant neighboring Node-Bs (intercell interference). In principle, interference mitigation can
also be performed at the transmitter, which requires accurate
channel state information from all users [8]. This requires
lots of signaling and feedback information exchange, which
is typically not available in cellular context. Thus, we focus
on the receiver side in this article. Handling the interference
on the receiver side is still a difficult job, especially in the
multi-user case where classical approaches result in complex
receiver structures, [9]–[11]. More practical investigations on
this subject are also conducted by 3GPP [12], but so far none
of these recommendations have been implemented. Given the
limited battery capacity of today’s handsets, complexity is an
important issue [13].
In this paper, we consider the downlink of TxAA HSDPA
for which we propose an interference aware receiver that
utilizes the spatial structure of the intra-cell interference, i.e.,
the pre-coding state of the cell. The proposed receiver consists
of a linear filter together with an estimator for the pre-coding
state. Since in [14] it was shown that interference cancellation
on the data channel does not significantly increase the system
performance we are not considering Successive Interference
Cancellation (SIC) structures here. Furthermore, note that our
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interference-aware equalizer does not need to decode the data
of the other users like high-complexity MU receivers would
have to. The contributions of this article in particular are
(a) we propose an intra-cell interference aware MMSE
equalizer with moderate complexity and investigate its
capabilities to suppress the interference,
(b) we propose solutions to estimate the pre-coding state of
the cell—required for the intra-cell interference aware
equalizer—both with and without available training, and
(c) we investigate the throughput performance in physicallayer as well as system-level simulations.
The following notation is used in the paper. Superscripts
T, ∗, H and # stand for matrix transpose, matrix conjugate,
matrix transpose conjugate, and matrix pseudo-inverse, respectively. Uppercase and lowercase boldface letters denote
matrices and vectors, respectively. The symbols tr(⋅), det(⋅),
∥ ⋅ ∥ and ⊗ stand for the trace, the determinant, the Euclidean
norm, and the Kronecker product, respectively. Finally, 𝔼v {⋅}
is the expected value with respect to the random vector v and
𝔼{⋅} with respect to all the random terms inside the braces.
This paper is organized as follows: Section II introduces
the transmission scheme for HSDPA that is the origin of our
work and defines the necessary system model. In Section III,
we derive the interference aware MMSE equalizer and assess
its interference-suppression capabilities. Section IV introduces
the problem of the pre-coding state estimation and our two
proposed solutions, after which we show the throughput
performance in physical-layer and system-level simulations in
Section V. Finally, we conclude this article in Section VI.
II. T RANSMIT A NTENNA A RRAY (T X AA) M ODE
TxAA has been introduced already with UMTS back in
1999, and now builds the foundation of the spatial multiplexing enhancement in MIMO HSDPA [15]. In contrast
to the double stream operation of MIMO HSDPA, TxAA
allows for multiple users being served in the downlink simultaneously, which is called multi-code scheduling. Multicode scheduling is well suited to work optimally in terms
of the sum-rate throughput and short-term fairness tradeoff
[16], and future generation mobile networks implicitly build
on similar concepts, e.g. Long Term Evolution (LTE) [17]
puts a strong emphasis on multi-user scheduling in its timefrequency downlink frames.
In TxAA HSDPA, every user is assigned a specific number
of orthogonal spreading sequences of length 16. Note that
HSDPA utilizes multiple parallel spreading sequences per user
to increase the spectral efficiency on the wireless link. At
a maximum, 15 spreading sequences can be assigned to all
users, the 16-th orthogonal spreading sequence is reserved
for transmitting the pilot channels and other control channels.
However, due to restrictions in the downlink resource allocation signaling, at maximum four users can be served simultaneously. Depending on the link-adaptation feedback in form
of Channel Quality Indicator (CQI) values, the scheduler can
decide which users should be served in parallel. Furthermore
note that the TxAA scheme allows for an arbitrary number of
receive antennas being utilized at the User Equipment (UE).
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A. System Model
Fig. 1 shows the TxAA transmission scheme for one receive
antenna when 𝑈 users are simultaneously served. For the
following, we assume the base-station to be equipped with
𝑁T = 2 transmit antennas, and each user 𝑢 to employ an
arbitrary number of receive antennas. Furthermore, we define
the spread and scrambled transmit chip stream of user 𝑢 at
time instant 𝑖 as
]T
[
(𝑢)
(𝑢)
(𝑢)
s𝑖 ≜ 𝑠𝑖 , . . . , 𝑠𝑖−𝐿h −𝐿f +2 ,
(1)
where 𝐿h and 𝐿f are the length of the channel impulse
response and the equalizer length, respectively. Thus, the
(𝑢)
vector s𝑖 contains the 𝐿h + 𝐿f − 1 most recently transmitted
chips. This notation serves us to represent the convolution of
the transmit signal and the frequency selective MIMO channel
in vector-matrix notation. Furthermore, note that this chip
stream contains the sum of all utilized spreading sequences
for user 𝑢, thus the multi-code utilization of HSDPA is also
represented. We assume that the energy 𝜎𝑠2 of the chip stream
(𝑢)
s𝑖 of each user 𝑢 is normalized to one.
(𝑢)
Thus, by multiplying s𝑖 with a factor 𝛼(𝑢) , the basestation can allocate a certain amount of transmit power to
each served user. After the power allocation, the chip streams
are weighted by the user-dependent complex pre-coding co(𝑢)
(𝑢)
efficients 𝑤1 and 𝑤2 at the first and second transmit
antenna, respectively. Our modeling holds for arbitrary precoding weights, but we want to note that due to standardization these coefficients are strongly quantized, [4], which
we will take advantage of in Section IV. The weighted chip
(1)
streams of all users are then added to the sequences 𝛼(p) p𝑖
(2)
and 𝛼(p) p𝑖 , representing the sum of all channels that are
transmitted without pre-coding, that is, the Common Pilot
CHannel (CPICH), the High-Speed Shared Control CHannel
(HS-SCCH), and other signaling channels—to which we will
refer to as non-data channels.
The frequency selective channel between the 𝑛t -th transmit
and the 𝑛r -th receive antenna is represented in Fig. 1 by the
vector h(𝑛r ,𝑛t ) , 𝑛t = 1, 2, composed of the taps of the channel.
For sake of simplicity, let us neglect the non-data channels
(1)
(2)
𝛼(p) p𝑖 and 𝛼(p) p𝑖 for the moment; they will be included
for the main derivation again. Then the multi-user transmission
in Fig. 1 can be represented by 𝑈 virtual antennas, one for
each active user, as illustrated in Fig. 2. The resulting equivalent (virtual) channels between user 𝑢 and receive antenna
(𝑢)
(𝑢)
𝑛r are then given by h̃(𝑢,𝑛r ) = 𝑤1 h(𝑛r ,1) + 𝑤2 h(𝑛r ,2) ,
𝑢 = 1, 2, . . . , 𝑈 . From this description it can be seen immediately that the intra-cell interference caused by the other
users can be treated like being transmitted over 𝑈 −1 different
channels. The classical MMSE equalizer however would be
(𝑢)
(𝑢)
determined only by the pre-coding weights 𝑤1 and 𝑤2
and does not consider the special structure of the interference.
Thus, the degraded transmission scheme of TxAA imposes
an interference situation which cannot be handled well by
the classical MMSE equalizer that is only matched to the
channel of the desired user. This is in contrast to the SingleInput Single-Output (SISO) HSDPA case, where due to the
lack of pre-coding, the interference of simultaneously served
users is transmitted over the same channel as the one of the
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Fig. 1. Multi-user transmission in TxAA, for a total number 𝑈 of simultaneously served users. The pre-coding is conducted individually for every user. At
the receiver, only one receive antenna is depicted, although the scheme allows for an arbitrary number of receive antennas.

(1)

(2)

and the vectors p𝑖 and p𝑖 ,
[(
)T
)T (
)T (
)T ]T
(
(1)
(𝑈 )
(1)
(2)
, ⋅ ⋅ ⋅ , s𝑖
, p𝑖
, p𝑖
,
s𝑖 = s𝑖
we obtain the compact system description
)
(
r𝑖 = H W(MU) ⊗ I𝐿h +𝐿f −1 s𝑖 + v𝑖 = H𝑤 s𝑖 + v𝑖 .




(5)

(6)

H𝑤

Fig. 2.
Equivalent representation of the multi-user TxAA transmission,
representing 𝑈 virtual antennas and 𝑈 virtual channels.

desired user. Thus, equalization of the desired user’s signal
also equalizes the signal of the simultaneously served users.
For the deduction of our proposed intra-cell interference
aware MMSE equalizer let us define the 𝐿f × (𝐿h + 𝐿f − 1)
dimensional band matrix modeling the channel between the
𝑛t -th transmit and the 𝑛r -th receive antenna
⎡
⎤
(𝑛 ,𝑛 )
(𝑛 ,𝑛 )
ℎ0 r t
⋅⋅⋅
ℎ𝐿hr−1t
0
⎢ .
⎥
..
⎥.
H(𝑛r ,𝑛t ) = ⎢
(2)
.
⎣ ..
⎦
0

(𝑛r ,𝑛t )

ℎ0

⋅⋅⋅

(𝑛 ,𝑛 )

ℎ𝐿hr−1t

The full frequency-selective MIMO channel can be modeled
by a block matrix H consisting of 𝑁R × 𝑁T band matrices,
⎤
⎡ (1,1)
H(1,2)
H
⎢
.. ⎥ ,
(3)
H = ⎣ ...
. ⎦
H(𝑁R ,1)

H(𝑁R ,2)

where we explicitly utilized the assumption that TxAA employs only two transmit antennas (𝑁T = 2).
By stacking the received signal vectors of all 𝑁R receive
antennas
[(
)T
) T ]T
(
(1)
(𝑁 )
r𝑖 = r𝑖
, ⋅ ⋅ ⋅ , r𝑖 R
,
(4)
and by stacking the transmitted signal vectors of all 𝑈 users

Here, ⊗ denotes the Kronecker product, and v𝑖 is an additive
noise vector that can incorporate both the thermal noise and
the interference from other base-stations (inter-cell interference). The 2 × (𝑈 + 2) dimensional matrix W contains the
(𝑢)
(𝑢)
pre-coding coefficients 𝑤1 and 𝑤2 of all users, as well
(𝑢)
as the power coefficients 𝛼 , with 𝑢 = 1, 2, . . . , 𝑈 , and is
defined as
]
[
(1) (1)
(𝑈 ) (𝑈 )
(p)
𝑤
⋅
⋅
⋅
𝛼
𝑤
𝛼
0
𝛼
1
W(MU) ≜ (1) 1(1)
. (7)
(𝑈 )
𝛼 𝑤2
⋅ ⋅ ⋅ 𝛼(𝑈 ) 𝑤2
0
𝛼(p)
This matrix reflects the premise that the non-data channels
are not pre-coded, thus the two columns on the right side are
specified solely by the single parameter 𝛼(p) which controls
the total power spent on these channels. In general, we also
assume that the power available at the base-station is fully
spent, thus the coefficients 𝛼 are subject to a sum-power
constraint
𝑈 (
)2
)2
(
∑
𝛼(𝑢) + 2 𝛼(p) = 𝑃.
(8)
𝑢=1

Furthermore, we assume the power control to be completely
included in the power coefficients 𝛼(𝑢) and 𝛼(p) , which
imposes
on the pre-coding coefficients,
 (𝑢) 2 a power constraint
w  = 1, where w(𝑢) ≜ [𝑤(1) , 𝑤(2) ]T .
1
2
III. I NTERFERENCE -AWARE MMSE E QUALIZATION
Having our system model being specified in Section II,
we are now able to derive the resulting MMSE equalizer.
Without loss of generality we assume in the following that
the sequence of user one is to be reconstructed. The MMSE
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equalizer coefficients can be calculated by minimizing the
quadratic cost function [18]
{
2 }

(1) 
𝐽(f ) = 𝔼 f H r𝑖 − 𝑠𝑖−𝜏  ,
(9)
with 𝜏 specifying the delay of the equalized signal, fulfilling
𝜏 ≥ 𝐿h due to causality. In this work, we assume the channel
to be known at the receiver site.
This cost function minimizes the distance between the
equalized chip stream and the transmitted chip stream. In
Equation (9), the vector f defines 𝑁R equalization filters,
[(
)T
)T ]T
(
(1)
(𝑁R )
,⋅⋅⋅ , f
.
(10)
f= f
]T
[
(𝑛 )
(𝑛r )
Each filter f (𝑛r ) = 𝑓0 r , ⋅ ⋅ ⋅ , 𝑓𝐿f −1
has a length of 𝐿f .
The desired interference-aware equalizer then can be obtained by minimizing the cost function, which can be performed by differentiating Equation (9) with respect to f ∗ [19],
evaluating the expectation operation and setting the derivative
equal to zero:
(
)−1
∂𝐽
= 0 ⇒ f = 𝜎𝑠2 H𝑤 R𝑠𝑠 HH
H𝑤 e𝜏 . (11)
𝑤 + R𝑣𝑣
∗
∂f
The matrices R𝑠𝑠 and R𝑣𝑣 are the signal and noise covariance
matrices, respectively, and the vector e𝜏 is a zero vector of
length (𝑈 + 2)(𝐿h + 𝐿f − 1) with a single one at position 𝜏 .
If the transmitted data signals of the users are uncorrelated
with equal power 𝜎𝑠2 , the covariance matrix R𝑠𝑠 becomes 𝜎𝑠2 I,
and if we assume the noise vector v𝑖 white with variance 𝜎𝑣2 ,
the noise covariance matrix becomes 𝜎𝑣2 I. Without loosing
generality, we can assume the signal covariance 𝜎𝑠2 to be equal
to one, because the individual transmit powers of the users
are determined by 𝛼(𝑢) . The variance 𝜎𝑣2 is composed of the
thermal noise and the power received from the other basestations. Note that if the receiver shall take the structure of
the inter-cell interference into account, effort has to be put to
obtain an accurate estimation of the covariance matrix R𝑣𝑣 .
Since this equalizer considers the interference of all users
in the cell due to the full knowledge of the matrix W(MU) ,
we call it intra-cell interference aware MMSE equalizer. The
standard equalizer is a special case of our solution and neglects
the interference from other users, which we consequently
call single-user (SU) equalizer in the following. It can be
calculated from Equation (11) by using the single-user precoding weight matrix of rank one
]
[
(1)
𝛼(1) 𝑤1
(SU)
T
W
=
(12)
(1) e1 ,
𝛼(1) 𝑤2
instead of the multi-user matrix W(MU) . Here, e1 is a zero
column-vector of length 𝑈 + 2 and a one at the first position.
If only a single user is receiving data in the cell, both
equalizers are very similar with the only difference being that
the intra-cell interference aware equalizer also considers the
interference generated by the non-data channels.
Note that the structure of the derived linear equalizer
would in principle allow for an extension to decision-feedback
receivers. However, if the interference caused by the other
users is sought to be cancelled, their data has to be estimated
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and thus the computational complexity of the resulting receiver would be increased significantly. Furthermore, decision
feedback receivers suffer from impractical delay constraints in
W-CDMA systems and error propagation.
A. Interference Suppression
Having derived the solution of the interference-aware
MMSE equalizer, we want to analytically assess its
interference-suppression capabilities as well as its performance bounds. To do so, we adapted the model of [20]
which describes the post-equalization and despreading Signal
to Interference and Noise Ratio (SINR) for arbitrary linear
receivers in a multi-stream closed loop MIMO Code-Division
Multiple Access (CDMA) system. The remaining intra-cell
interference after equalization—for a specific channel realization and utilization of pre-coding vectors—generated by the
desired user and all other active users is explicitly given by
𝑃intra =

𝐿h +𝐿
∑f −2 

𝑈 𝐿h +𝐿f −2 


 H (1) 2 ∑ ∑  H (𝑢) 2
 f 𝜸𝑚  +
f 𝜸𝑚  ,

𝑚=0
𝑚∕=𝜏

𝑢=2

(13)

𝑚=0

(𝑢)

with 𝜸𝑚 denoting the 𝑚-th column of the user dedicated
channel matrix
)
([
]T
(𝑢)
(𝑢)
H(𝑢) = H 𝛼(𝑢) 𝑤1 , 𝛼(𝑢) 𝑤2
⊗ I𝐿h +𝐿f −1 , (14)
where we also assumed perfect channel and noise power estimation at the receiver. The utilization of the pre-coding vectors
in the cell also defines the “pre-coding state of the cell”, for
which a rigorous definition will follow in Definition IV.1 in
Section IV.
Since Equation (13) depends on the current realization of
the pre-coding state—in particular the pre-coding choices of
the interfering users—we cannot use it directly to evaluate the
performance of our proposed equalizer for general conditions.
Thus, we approximate the remaining intra-cell interference by
its expectation over the pre-coding choices of the other users.1
Given a number 𝑈 of active users in the cell, the remaining
intra-cell interference after equalization then becomes
𝔼𝑤 {𝑃intra } =
{𝐿 +𝐿 −2
}
𝐿h +𝐿
𝑈
h∑
f
2 ∑

2
∑f −2 



(1)
(𝑢)
𝔼𝑤
f H 𝜸𝑚
 +
f H 𝜸𝑚
 ,


𝑚=0
𝑚∕=𝜏

𝑢=2



𝑓self





𝑚=0



𝑓other

(15)



with 𝑓self and 𝑓other denoting the determinative factors for
the self- and other-user intra-cell interference remaining after
equalization, and 𝔼𝑤 {⋅} being the expectation with respect to
(𝑢)
(𝑢)
the pre-coding coefficients 𝑤1 , 𝑤2 of the other users.
As already mentioned, the 3GPP specifies a quantized
codebook of possible pre-coding vectors [4] with the UE being
responsible for evaluating and signaling the pre-coding vector
that leads to the best pre-equalization SINR. It is important to
note that the CQI feedback has to be evaluated jointly with
1 Note that the pre-coding of the desired user is adapted according to the
current channel state and is thus known at the UE end. This is the minimum
information required to evaluate any suitable equalizer.
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TABLE I
S IMULATION PARAMETERS FOR F IG . 3.

simulated slots
slot time
receive antennas 𝑁R
pre-coding codebook
equalizer span 𝐿f
equalizer delay 𝜏
pre-coding delay
mobile speed
channel profile
active users 𝑈
fading model

10

16

Value

maximum MI [bit/s/Hz]

Parameter

18

1000
2/3 ms
2
3GPP TxAA [4]
40 chips
20 chips
11 slots
3 km/h
ITU PedB [22]
4
improved Zheng model [23], [24]

intra-cell interference terms

10

10

10

−2

interference
aware

−3

−4

−10

0

classical SU

8
6
4

−10

0

10

20

30

Fig. 4. Comparison of the maximum MI performances of the classical
SU equalizer and the proposed interference-aware equalizer when assuming
Gaussian post-equalization interference.

−1

−20

interference aware

10

0
−20

0

−30

Shannon capacity

12

2

classical SU
10

14

10

20

30

Fig. 3. Intra-cell interference terms 𝑓self and 𝑓other for the classical SU
equalizer and the proposed interference-aware equalizer, assuming perfect
knowledge of the cell’s pre-coding state.

the pre-coding to obtain good throughput results [14]. Given
the pre-coding codebook of [4], in [21] we were also able to
show that in Double Transmit Antenna Array (D-TxAA)—
even if multi-code scheduling would be implemented—all
spatial dimensions are utilized. Thus, an equalizer has no
possibility to exploit information about the pre-coding state
of the cell to suppress the intra-cell interference.
Let us now utilize the analytical description of the postequalization intra-cell interference to assess the interference suppression capabilities and the theoretical performance
bounds of the proposed equalizer. Table I lists the simulation parameters we applied to evaluate the capability of
our proposed equalizer to suppress the intra-cell interference
caused by the other active users in the cell. Fig. 3 shows the
performance in terms of the intra-cell interference suppression
capabilities, both for the self interference 𝑓self and the otheruser interference 𝑓other , assuming perfect knowledge of the
cell’s pre-coding state. We normalized the two coefficients by
the total received interference power, i.e., since the channel is
by assumption already normalized to one, by dividing by the
norm of the equalizer coefficients ∥f ∥ and the total transmitted
intracell power 𝑃 . It can be observed that our proposed equalizer is able to outperform the classical SU by significantly
reducing the interference term 𝑓other of the other users. The

self interference term 𝑓self on the other hand becomes larger
around 5 dB 𝐸c /𝑁0 . As specified by the cost function in
Equation (9) the interference aware equalizer minimizes the
overall interference. Fig. 3 illustrates that at higher 𝐸c /𝑁0 the
equalizer sacrifices self interference cancellation performance
for the sake of a lower overall intra-cell interference.
Based on these results, it is also possible to evaluate
bounds for the spectral efficiency. With the expected intracell interference given by Equation (13), and considering the
(1)
desired signal power being proportional to ∣f H 𝜸𝜏 ∣2 [21], the
equivalent downlink data transmission channel including the
equalization can be represented as an SISO Additive White
Gaussian Noise (AWGN) channel. The corresponding Signal
to Noise Ratio (SNR) thus is given by

2

(1) 
SF f H 𝜸𝜏 
SNR =
,
(16)
𝑓self + 𝑓other + 𝑁0
when considering only intra-cell interference and with SF denoting the spreading factor of the High-Speed Physical Downlink Shared CHannel (HS-PDSCH). This corresponds to a
single-cell scenario. Based on this SNR, the maximum Mutual
Information (MI) can be evaluated as MI = log2 (1 + SNR),
which denotes an upper bound if perfect (Gaussian) coding
would by utilized. Also note that the distribution of the postequalization interference in practice is not necessarily Gaussian. Nevertheless, the so derived maximum MI can serve as
a figure of merit to assess the performance gain achievable by
the interference-aware equalizer. Fig. 4 shows the maximum
MI for the classical SU equalizer and the interference-aware
equalizer together with the Shannon channel capacity of a
𝑁T ×𝑁R = 2×2 channel. It can be observed that the proposed
equalizer offers huge potential performance gains in the higher
𝐸c /𝑁0 region.
B. Complexity
Given the solution to the interference aware MMSE equalization in Equation (11), it is interesting to assess the additional complexity that is needed to compute our proposed
filter. Assuming uncorrelated transmit sequences with constant
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power, i.e. R𝑠𝑠 = 𝜎𝑠2 I, the additional complexity can be evalH
uated analytically with the product H𝑤 R𝑠𝑠 HH
𝑤 ∝ H𝑤 H𝑤 that
is needed to compute the required inverse for the evaluation
of f . By writing
)
(
(
)H
(MU)
(MU)
H
H𝑤 HH
W
=
H
W
⊗
I
𝐿h +𝐿f −1 H , (17)
𝑤
it can easily be seen that the additional cost of our proposed
simulator is only determined by the larger matrix multiplica(
)H
(
)H
tion of W(MU) W(MU) instead of W(SU) W(SU) , which
is low compared to the cost of e.g. the inverse.
In particular,
{ } if we assume matrix multiplications to be of
order 𝒪 𝐾 3 for squared matrices, the added complexity
of considering
the
{
} multi-user pre-coding matrix is of order{ 𝒪 (𝑈 +} 2)3 . The matrix inverse however is of order
𝒪 (𝑁R 𝐿f )3 , and since 𝑈 is typically much smaller than
𝐿f in practical systems, the multiplication of the multi-user
pre-coding matrix is negligible. Compared to standard chiplevel MMSE equalizers [5], [14], the proposed interferenceaware equalizer does not suffer of a significant increase in
complexity.
IV. P RE -C ODING S TATE E STIMATION
In TxAA HSDPA, the MIMO channel is estimated by
utilizing the CPICH, similar to UMTS. To be able to calculate
the receive filter for the data channel, i.e. the HS-PDSCH,
however, the mobile needs to know (a) the power offset
of the individual HS-PDSCH compared to the CPICH, and
(b) the pre-coding coefficients that the base-station applied
for the transmission. The power offset (a) is signaled by
higher layers, [25], and the pre-coding coefficients (b) of all
simultaneous transmissions are signaled on the according HSSCCH, [26], [27], where every active user has its own channel.
This unfortunately makes things difficult for our proposed
equalizer, because the HS-SCCHs are scrambled with userspecific scrambling sequences2 , thus making it impossible to
monitor the pre-coding state of the other users.
In order to overcome this problem, three different solutions
are possible
(a) change the signaling scheme in the HS-SCCH such that
all active users know about the whole pre-coding state
in the cell,
(b) include some training data in the HS-PDSCHs of the
users to estimate the pre-coding state, or
(c) blindly estimate the pre-coding state,
whereas (a) is an obvious solution that needs no further
explanation. Thus, in the following, we will shortly discuss
a possible solution for (b), but our main focus is dedicated
to the blind estimation (c), because it can be implemented
without changes in the transmission standard.
The principal estimation problem is the following. According to Fig. 1, every active user can have his own pre-coding
(𝑢)
(𝑢)
coefficient pair {𝑤1 , 𝑤2 } and his own power factor 𝛼(𝑢) ,
where only the coefficients dedicated to the user himself are
known (cf. the discussion above). In addition, it is also not
known how many users, i.e. the number 𝑈 , are currently
2 The scrambling sequence in HSDPA is a function of the user identification
number, known only to the base-station and the particular user.
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active. Estimation problems of this kind can be investigated
within the framework of random set theory [10], leading to
optimum Bayesian Maximum Likelihood (ML) estimators.
However, these solutions require a joint estimation of the
data sequence and the pre-coding state which is typically
computationally very complex and thus disadvantageous for
battery powered mobile devices. Accordingly, we will restrict
ourselves to classical approaches with reasonable complexity.
As already mentioned, according to [4], the pre-coding
codebook that is utilized in practice is strongly quantized.
In addition, several users may share the same pre-coding
vector. Let us denote
{ the codebook
} of possible pre-coding
vectors by 𝒲 = v1 , . . . , v∣𝒲∣ , w(𝑢) ∈ 𝒲, with ∣𝒲∣
defining its cardinality. Furthermore, let us denote the set
of users
{ being served}with the same pre-coding vector as
𝒰𝑘 = 𝑢 : w(𝑢) = v𝑘 , with 𝑘 = 1, . . . , ∣𝒲∣ denoting the
codebook index of the corresponding pre-coding vector. Note
∪∣𝒲∣
that 𝑘=1 𝒰𝑘 does not necessarily have to be equal 𝒲 and
that in case no user utilizes the pre-coding vector v𝑘 , the
corresponding set is empty 𝒰𝑘 = ∅. With these definitions,
the pre-coding state can be defined as follows.
Definition IV.1. The pre-coding state of an HSDPA cell is
defined as
{
}
𝒫≜ 𝛼
˜ (1) , ⋅ ⋅ ⋅ , 𝛼
(18)
˜ (𝑘) , ⋅ ⋅ ⋅ , 𝛼
˜ (∣𝒲∣) , 𝛼(p) ,
where each 𝛼
˜ (𝑘) denotes the total power used to transmit on
a particular pre-coding vector v𝑘 ,
√∑
(
)2
(𝑘)
𝛼(𝑢) ,
(19)
𝛼
˜ =
𝑢∈𝒰𝑘

and 𝛼(p) denotes the power coefficient of the non-data channels.
A. Training Sequence based Pre-Coding State Estimation
Although the focus of this article lies in the blind pre-coding
state estimation, we developed a simple training based precoding state estimator as a performance bound for the blind
estimator. Note that if a training based estimation should be
used in HSDPA the 3GPP standard would have to be altered.
Before going into the details on the training sequence based
estimator, we want to note that the input-output relation in
Equation (6) can be rewritten as
[
]
SD1
r=H
𝜶 + v,
(20)
SD2
where we omitted the time index 𝑖 for sake of notational
clarity. Here, the matrices D1 and D2 contain the pre-coding
coefficients of the active users,
{
}
(1)
(𝑈 )
D1 = diag 𝑤1 , ⋅ ⋅ ⋅ , 𝑤1 , 1, 0
(21)
{
}
(1)
(𝑈 )
(22)
D2 = diag 𝑤2 , ⋅ ⋅ ⋅ , 𝑤2 , 0, 1 ,
and the matrix S is the re-arranged transmit vector s,
]
[
(1)
(𝑈 )
(1)
(2)
S = s 𝑖 , ⋅ ⋅ ⋅ , s 𝑖 , p𝑖 , p𝑖 .

(23)

The vector 𝜶 finally lists the power coefficients 𝜶 =
[ (1)
]T
𝛼 , ⋅ ⋅ ⋅ , 𝛼(𝑈 ) , 𝛼(p) , 𝛼(p) .
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Considering the special structure of our problem in Equation (6) and (20), some redundancy can be observed. In
particular, if two interfering users 𝑢1 and 𝑢2 utilize the
same pre-coding vector w(𝑘) , the input-output relation can
(𝑘)
also
with
√ be represented by only one user utilizing w
(𝛼(𝑢1 ) )2 + (𝛼(𝑢2 ) )2 as power coefficient. Furthermore, note
that we assume the non-data channels at the two transmit
antennas to deploy the same power coefficient 𝛼(p) . Thus, it
is sufficient to estimate only the pre-coding state 𝒫. For the
interference-aware MMSE equalizer, this is sufficient to be
able to effectively suppress the intra-cell interference.
Given the definition of the pre-coding state 𝒫 in Equa[ (1)
]T
˜ = 𝛼
tion (18), the vector 𝜶
˜ ,⋅⋅⋅ ,𝛼
˜ (∣𝒲∣) , 𝛼(p) has to be
estimated. Let us define the estimation error as

2


ˆ
˜ −𝜶
˜ ,
𝐶 = 𝜶
(24)
2

ˆ
˜ denoting the estimate of 𝜶.
˜ In case that training data
with 𝜶
is available, e.g. at the beginning of each transmission frame
in HSDPA, a possible estimator is given
}
{ by the Least Squares
(1)
(∣𝒲∣)
(LS) solution. Let us set D̃1 = diag 𝑤1 , ⋅ ⋅ ⋅ , 𝑤1
and
}
{
(1)
(∣𝒲∣)
. In addition, let us assume
D̃2 = diag 𝑤2 , ⋅ ⋅ ⋅ , 𝑤2
that the base-station provides orthogonal training sequences
t(𝑘) for every pre-coding vector[ w(𝑘) that can] be formed
into the training matrix ST = t(1) , ⋅ ⋅ ⋅ , t(∣𝒲∣) . Then the
[ (1)
]T
LS estimator of 𝜽 = 𝛼
˜ ,⋅⋅⋅ ,𝛼
˜(∣𝒲∣) (not including 𝛼(p) )
is given by [28]
{( [
])# }+
D̃
S
T
1
𝜽ˆLS = Re
H
r
,
(25)
ST D̃2
+

where the real-value operator Re{⋅} ensures the coefficients
to be real valued and positive, even in the low SNR regime.
The coefficient 𝛼(p) can be calculated with the help of the
sum power constraint in Equation (8). Using the sum power
˜ is
constraint in Equation (8), the augmented LS estimate of 𝜶
T
T ˆ
ˆ
˜ LS = [𝜽ˆLS
given by 𝜶
, 𝑃 − 𝜽ˆLS
𝜽LS ]T .
B. Blind Pre-Coding State Estimation
Blind estimation is generally a quite challenging task, in
particular in a multi-user context. Typical approaches treat the
unknown inputs—in our case the unknown transmit data s—
as nuisance parameters that the estimator has to cope with in
order to supply blind estimates of the parameters of interest.
The ML principle provides a systematic way for deducing
the Minimum Variance Unbiased (MVU) estimator, maximiz˜ s) [29]. As discussed
ing the joint likelihood function 𝑓r (r; 𝜶,
in [30], [31], there exists a number of possibilities to avoid
˜ and s. The
the joint estimation of all parameters, i.e. 𝜶
unconditional or stochastic ML criterion models the vector
of nuisance parameters as a random vector and maximizes
the marginal of the likelihood function conditioned to s.
Unfortunately, the unconditional ML estimator is generally
unknown, because the expectation with respect to s cannot
be solved in closed form. However, in the low SNR regime,
the unconditional likelihood function becomes quadratic in the
observation with independence of the statistical distribution of
the nuisance parameters. Nevertheless, this estimator class is

generally difficult to solve and works only reasonably well
in the low SNR regime [29]. This fact motivated research in
second-order estimators, e.g. the conditional ML criterion, that
models the nuisance parameters as deterministic unknowns
and maximizes the compressed likelihood function. Unfortunately, this estimator class would require the matrix H𝑤 to be
tall [31], which in our signal model is not the case.
Another class is the Gaussian ML that models the nuisance
parameters as Gaussian random variables in order
to obtain
{
}
˜ ,
an analytical solution for the expectation in 𝔼s 𝑓r∣s (r∣s; 𝜶)
[32]. This assumption seems to fit naturally into our system model because due to multi-code operation many different transmit symbols are added up, likely resulting in a
nearly Gaussian distribution. Although there are also other
˜ e.g. [33], we decided in
approaches to blindly estimate 𝜶,
favor of this estimator class.
According to [32], the Gaussian ML estimator is the one
minimizing the nonlinear cost function
(
)
ΛGML (𝜶) = tr ln R(𝜶) + R−1 (𝜶) R̂
]
[
(26)
= ln det [R(𝜶)] + tr R−1 (𝜶) R̂ ,
with R̂ = rrH denoting the sample covariance matrix, and
2
R(𝜶) = H𝑤 HH
𝑤 + 𝜎𝑣 I

(27)

being its expected value as a function of 𝜶. Note however,
that this would require knowledge of the number of users 𝑈
to be utilized in estimation. To overcome this problem, let us
point out that W(MU) from Equation (7) can be rewritten as
W(MU) = WCB diag{𝜶}, with
]
[
(1)
(𝑈 )
⋅ ⋅ ⋅ 𝑤1
1 0
𝑤1
WCB ≜
.
(28)
(1)
(𝑈 )
𝑤2
⋅ ⋅ ⋅ 𝑤2
0 1
Then—keeping in mind that we want to estimate the precoding state 𝒫—we can replace W(MU) in the context of
Equation (27) by
⎧
⎫



⎨[
⎬
[
]
]T 
˜ (1) , ⋅ ⋅ ⋅ , 𝛼
,
W̃ = w(1) , ⋅ ⋅ ⋅ , w(∣𝒲∣) diag 𝛼
˜ (∣𝒲∣)





⎩
⎭
𝜽

(29)

thus leading to
(
)
R(𝜽) = H W̃W̃H ⊗ I HH + 𝜎𝑣2 I,

(30)

and the new cost function Λ̃GML (𝜽). This means that the
corresponding power coefficients of every possible pre-coding
vector will be estimated, and thus no knowledge of the number
of active users is needed anymore. Also note that as in the
training based estimation, 𝛼(p) can be calculated by making
use of the sum power constraint in Equation (8).
The minimum of Λ̃GML can for example be found by means
of iterative or time-recursive scoring methods [19], [32] based
on the recursion
( )
(
)
ˆ
ˆ
𝜽ˆ𝑘+1 = 𝜽ˆ𝑘 + J−1
(31)
GML 𝜽 ∇GML r; 𝜽 ,
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( )
(
)
ˆ
ˆ
with J−1
GML 𝜽 and ∇GML r; 𝜽 being the Fisher information
matrix and the gradient respectively in the Gaussian case. Alternatively, any other known efficient optimization technique
like for example Sequential Quadratic Programming (SQP)
methods [34] can be used.
When utilizing the blind pre-coding state estimator, the
overall complexity of the interference-aware equalizer is of
course increased. The computational complexity order of one
step in the optimization process can be approximated by the
complexity of evaluating the cost function,
[ {
}
2 𝒪 𝑁R 𝐿f (𝐿h + 𝐿f − 1)2 (𝑈 + 2) 𝑁T +
}
{
}]
{
(32)
2
3
,
𝒪 (𝑁R 𝐿f ) + 𝒪 (𝑁R 𝐿f )
where we {
again} assumed a matrix multiplication complexity
order of 𝒪 𝐾 3 . If an optimization algorithm based on Newton iterations is utilized, the number of required iterations can
also coarsely be bounded by log2 log2 1/𝜀 with 𝜀 specifying
the desired accuracy, [35]. In practice we observed a convergence of the utilized algorithm in around eight iterations. The
blind pre-coding estimation thus increases the computational
complexity much more significantly than the changes in the
MMSE equalizer structure.
C. Estimator Performance
Fig. 5 shows the estimation error 𝐶 for different 𝐸c /𝑁0
values both for the LS estimator and the second-order blind
estimator. The simulation parameters are the same as in
Table I, except that we simulated the performance for one
and for two receive antennas, respectively, which we denoted
by 𝑁T × 𝑁R = 2 × 2 and 2 × 1. For the LS estimation, we
used Hadamard sequences of length 64 for the training. To
refine the estimation, we furthermore took advantage of the
knowledge that the coefficients 𝛼
˜ (𝑖) have to be real-valued and
strictly positive, as well as that the sum power constraint of
Equation (8) cannot be exceeded. Fig. 5 shows that the training
based estimator works reasonably well from −20𝑑𝐵𝐸c /𝑁0
on, and that the performance saturates at around 10 dB. The
blind estimator is not able to deliver similar results, with an
operation range starting approximately at −10𝑑𝐵𝐸c /𝑁0 . For
both estimator classes, the availability of a second receive
antenna is beneficial for the pre-coding state estimation. However, for the blind pre-coding state estimator the gain is even
more dramatic. Let us note that the (poor) performance of the
blind estimation is still sufficient for our equalizer, as we show
in Section V.
V. T HROUGHPUT E VALUATION
We split our performance evaluation into two different parts,
(a) physical-layer simulations for a fixed transmission setup of
TxAA HSDPA, and (b) system-level simulations with adaptive
feedback and scheduling. Each simulation approach has a
different focus, with the physical-layer simulations covering
channel encoding and decoding, W-CDMA processing, as well
as channel estimation in detail. On the other hand, systemlevel simulations represent a whole HSDPA network, with
adaptive feedback, scheduling and Radio Resource Control
(RRC) algorithms. For the following results we also assumed

10
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10
10
10
10
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Fig. 5. Estimation error 𝐶 of the LS and the second-order blind estimator
versus 𝐸c /𝑁0 , see Equation (24).
TABLE II
S IMULATION PARAMETERS FOR PHYSICAL - LAYER SIMULATIONS .
Parameter
active users 𝑈
desired user CQI
interfering HS-PDSCH 𝐸c /𝐼or
interfering user CQIs
interfering user pre-coding
pre-coding codebook
CPICH 𝐸c /𝐼or
other non-data channel 𝐸c /𝐼or
UE capability class
channel profile
UE speed

Value
4
13
[−6, −8, −10] dB
[16, 11, 8]
[1, √1 (1 − 𝑗)], [1,
[1,

2
√1 (−1
2

− 𝑗)]

1
√
(−1
2

+ 𝑗)],

3GPP TxAA [4]
−10 dB
−12 dB
6
ITU PedA, PedB
3 km/h

that channel and noise power are perfectly known at the
receiver.
A. Physical-Layer Simulation Results
We conducted physical-layer simulations utilizing a standard compliant W-CDMA simulator. The simulation assumptions in Table II correspond to a cell in which four users
are receiving data simultaneously. User 1 is moving through
the cell and obtains the pre-coding coefficients as adaptively
requested, according to the definition in the standard [4]. We
assume the three interfering users to be stationary, thus their
pre-coding coefficients and transmit power do not change.
In these simulations we assume that all users are always
scheduled with the same CQI value, i.e., no link adaptation
besides the pre-coding. Dynamic pre-coding for all users will
be considered in the system-level simulations. Also we again
defined the MIMO antenna scenarios by 𝑁T × 𝑁R = 2 × 2
and 2 × 1, respectively.
The achieved data throughput of User 1 in a Pedestrian
A (PedA) and Pedestrian B (PedB) environment is plotted
in Fig. 6 and Fig. 7, respectively. In both scenarios, the
Interference Aware (IA) equalizer with perfect knowledge3
3 For these investigations we did not consider any overhead for the perfect
pre-coding state knowledge, as is necessary if the pre-coding state is signaled.
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TABLE III
S IMULATION PARAMETERS FOR SYSTEM - LEVEL SIMULATIONS .

1.2

Parameter

throughput [Mbit/s]

1
IA blind
0.8
IA perfect

IA perfect

0.6
SU

IA blind

0.4
SU

0.2
0
−30

−25

−20

−15

−10

−5

Fig. 6. Throughput of desired user in a spatially uncorrelated ITU PedA
channel at CQI 13, corresponding to a maximum throughput of 1.14 Mbit/s.

1.2

throughput [Mbit/s]

1
IA blind
0.8
0.6

Value
4
1.9 GHz
1000 m
20 W
0.8 W
1.2 W
15
urban micro [36]
round robin
uniform
25
layout type 1 [37]
3GPP TxAA [4]
10
40 chips
11 slots
ITU PedA, PedB
3 km/h, random direction
25 000 slots, each 2/3 ms

IA perfect
SU

0.4

IA perfect
IA blind

0.2
0
−30

simultaneously active users 𝑈
transmitter frequency
base-station distance
total power available at Node-B
CPICH power
power of other non-data channels
spreading codes available for HSDPA
macro-scale pathloss model
scheduler
stream power loading
users in the cell
cell deployment
pre-coding codebook
UE capability class
equalizer span
feedback delay
channel profile
UE speed
simulation time

SU
−25

−20

−15

−10

−5

Fig. 7. Throughput of desired user in a spatially uncorrelated ITU PedB
channel at CQI 13, corresponding to a maximum throughput of 1.14 Mbit/s.

of the pre-coding state significantly outperforms the single
user equalizer. If the pre-coding state of the cell is blindly
estimated, the performance of the MMSE equalizer nearly
approaches the performance when 𝒫 is perfectly known and
two receive antennas are available. Here, 𝐸c /𝐼or denotes the
ratio of the average transmit energy per chip (𝐸c ) to the total
transmit power spectral density (𝐼or ).
The gain in the PedB channel in Fig. 7 is much larger
than the gain in the PedA channel which has a much shorter
maximum delay spread. This is caused by the larger loss of
orthogonality in the PedB environment and the subsequently
larger post equalization interference. In the 2 × 1 case, the
equalizer applying the blind pre-coding state estimation looses
compared to the equalizer with perfect knowledge of 𝒫, which
is a result of the considerably worse estimator performance
when only one receive antenna is available, see Fig. 5. The
fact that the performance loss is greater in the PedB channel
is due to its significantly larger delay spread, which represents
a more challenging environment for the equalizer making it
more sensitive to estimation errors in the pre-coding state.
For larger number of receive antennas, the simulation results
show larger performance gains. Especially in Fig. 7, the precoding state estimation improves significantly in the 2 × 2

case, thus closing the gap to the throughput performance of the
equalizer utilizing perfect knowledge of 𝒫. The interference
aware equalizer can effectively utilize the spatial information
to suppress the interfering signals. The largest performance
increase of the interference aware equalizer was found for the
2×2 PedB environment with 4 dB. We also conducted a set of
simulations with varying equalizer length 𝐿f and different CQI
and pre-coding setups, but the same conclusions as observable
in Fig. 6 and Fig. 7 were drawn, thus we did not include these
results in the paper. The key parameters are the delay spread
and the number of receive antennas.
B. System-Level Results
To assess the performance on network level, we also conducted a set of system-level simulations with the simulator described in [20], [21]. The simulation assumptions in Table III
correspond to a 19 site scenario with a homogenous network
load in which the multi-code scheduler serves four active users
simultaneously. All 25 simulated users are moving through the
cell with random directions, adaptively reporting their CQI and
pre-coding feedback according to their capability class [15].
The feedback delay was set to eleven slots. The estimation of
the pre-coding state of the cell for the MU interference-aware
equalizer was performed blindly, as described in Section IV-B.
The distributions of the SINR for the PedA and PedB
channel, averaged over all active users in the cell, are plotted
in Fig. 8. It can be observed that the IA equalizer is able to
deliver significantly higher SINRs for PedB channels. In the
PedA environment, the gain is negligible.
Fig. 9 shows the average sector throughput. The IA equalizer outperforms the classical (SU) equalizer significantly,
again with more remarkable gains in the PedB environment—
up to 11.7%. Similar to the physical-layer simulation results,
for both channels the equalizer is able to utilize the advantage
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of multiple receive antennas (2 × 2) to advance the precoding state estimation, and thus the throughput performance
compared to the single receive antenna case (2 × 1).
VI. C ONCLUSIONS
In this article, we present a system model for TxAA
HSDPA that takes the structure of the intra-cell interference in
case of multi-code scheduling into account. The consideration
of all simultaneously served users in the derivation of the
MMSE equalizer leads to an interference aware equalizer
which has only slightly increased complexity compared to the
SU MMSE equalizer. Simulations show greatly reduced post
equalization interference for the interference aware equalizer.
We furthermore identify a description for the pre-coding state
of an HSDPA cell, which allows us to formulate and test
training-based and blind estimators. Finally, we evaluate the
performance gain by means of physical-layer and systemlevel simulations. The results show that the interference aware
MMSE equalizer performance gain increases with the frequency selectivity of the channel and the number of receive
antennas. Both physical-layer as well as system-level simulations identify our proposed receiver structure as superior to
the classical approach.
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