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Abstract—In MIMO High Speed Downlink Packet Access, the
channel adaptation is performed by means of the Channel Quality
Indicator (CQI) and the Precoding Control Indicator (PCI). The
CQI value is utilized to determine the coding rate and modulation
alphabet, as well as the number of spatially multiplexed data
streams. The PCI value is associated to a specific precoding vector
that is applied to the transmit signal at the basestation. In this
work, we derive analytic expressions for the post equalization
SINR. These SINR values are then evaluated at the receiver to
jointly calculate the CQI and the PCI in order to maximize the
data throughput. The SINR expressions are verified not only by
simulations but also by outdoor MIMO HSDPA measurements.

I. INTRODUCTION

In 2007, 3GPP standardized Dual Stream Transmit Antenna
Array (D-TxAA) as the 2×2 MIMO extension for High
Speed Downlink Packet Access (HSDPA) [1, 2]. D-TxAA uses
precoding at the transmitter and can be operated in single or
dual stream mode depending on the channel conditions. Like
in SISO HSDPA, the Transport Block Size (TBS), that is, the
number of data bits to be transmitted in one data stream per
subframe, is adjusted using Channel Quality Indicator (CQI)
signaled by the user.

In SISO HSDPA, the user equipment can calculate the CQI
value by blindly estimating the post equalization Signal to
Interference and Noise Ratio (SINR) at the demapper input
(that is after equalization, descrambling, and despreading).
Using a lookup table, the post equalization SINR is mapped
to a CQI value that allows for a transmission with a BLER
smaller than 10% [1, 3]. The required mapping tables or
mapping functions are obtained by AWGN Block Error Ratio
(BLER) simulations.

In MIMO HSDPA, the user equipment has to signal, addi-
tionally to the CQI value, a so-called Precoding Control Indi-
cator (PCI) that determines a precoding vector. The precoding
vector is then applied to the user’s downlink chip stream to
form the transmit signals of the two transmit antennas. In flat
fading channels, the 2×1 Transmit Antenna Array (TxAA)
system could achieve the same diversity [4] and array gain
as a 1×2 system if the precoding would not be quantized.
Nevertheless, due to the quantized precoding and the frequency
selectivity of the wireless channel, some performance loss is

immanent. Note that TxAA was already standardized for SISO
HSDPA but was never applied widely in mobile networks.
Related Work
The HSDPA specification [1] proposes a method for evaluating
the channel dependent feedback based on the channel knowl-
edge at the receiver. This method separates the problem of
CQI and PCI calculation by first selecting a precoding vector
in order to maximize the received pre-equalization Signal
to Noise Ratio (SNR) [5, 6]. The appropriate CQI value is
selected by observing the post equalization SINR. Although
this method is of low complexity, it has two drawbacks:

1) It does not provide a decision if single stream or dual
stream transmission shall be used.

2) Assume that the user equipment receives an HSDPA sub-
frame at time t=1. Then the user equipment determines
the PCIt=1 from the estimated channel coefficients.
In the same subframe, the user equipment also deter-
mines the CQIt=1 from the current post equalization
SINR although the received subframe was weighted
by the previously signaled precoding PCIt=0. In case
the precoding information often changes over time, the
CQI will be underestimated (since the new, updated
precoding vector usually will lead to larger SINR) and
consequently the data throughput will reduce.

Contribution
First, we derive analytic expressions for the post equaliza-
tion SINR of MIMO HSDPA receivers. More specifically,
these SINR expressions cover arbitrary equalizers, interfer-
ence cancelation schemes, and channel estimation effects. We
furthermore utilize the SINR expressions to jointly determine
the precoding vector, the supported TBS, and the number
of streams. For doing this, we need to evaluate the post
equalization SINRs for every1 possible precoding vector. The
post equalization SINRs are then mapped to CQI values using
an SINR-to-CQI mapping table. The throughput optimized
precoding vector is then obtained by maximizing the total
transport block size2 associated to the evaluated CQI values.

1In D-TxAA four precoding vectors are standardized in the single stream
mode and two precoding vectors in the dual stream mode.

2Note that in the dual stream mode the total TBS is given by the sum of
the TBSs of the two individual streams.
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We implemented our method in a physical layer link level
simulator and performed outdoor-to-indoor measurements with
our testbed [7].

Besides the feedback calculation, the derived SINR expres-
sions can also be used in system simulations to model the
physical layer [8, 9]. Since we validate the SINR expressions
not only by physical layer HSDPA simulations but also by
outdoor measurements, these expressions are very well suited
to obtain accurate system simulation results and thus realistic
network performance estimates.

II. SYSTEM MODEL

In this section, we present the mathematical description of
the HSDPA system required to derive analytical expressions
for the post equalization SINRs. A block diagram of this
system description is shown in Fig. 1.

Assume that we are transmitting Ns independently coded
and modulated data chip streams, each of length Lc = Lh +
Lf −1 chips, Lh and Lf corresponding to the channel and the
equalizer length, respectively. We define the stacked transmit
chip vector as

sk =
[
s(1)T
k , . . . , s(Ns)T

k

]T

. (1)

The Ns chip streams are weighted by the NT×Ns dimensional
precoding matrix

W =

 w(1,1) . . . w(1,Ns)

...
. . .

...
w(NT,1) . . . w(NT,Ns)

 (2)

forming the data chip streams of the NT transmit antennas.
At each transmit antenna, pilot, synchronization, and control
channels accumulated in

pk =
[
p(1)T

k , . . . ,p(NT)T
k

]T

(3)

are added. With the Lc×Lc dimensional identity matrix ILc ,
the transmit signal is given by

ak = (W ⊗ ILc) sk + pk. (4)

The frequency selective link between the nt-th transmit and the
nr-th receive antenna is modeled by the Lf×Lc dimensional
band matrix

H(nr,nt) =


h

(nr,nt)
0 . . . h

(nr,nt)
Lh−1 0

. . . . . .
0 h

(nr,nt)
0 . . . h

(nr,nt)
Lh−1

 , (5)

where the h
(nr,nt)
i (i = 0, . . . , Lh − 1) represent the channel

impulse response between the nt-th transmit and the nr-th
receive antenna. The entire frequency selective MIMO channel
is modeled by a block matrix H consisting of NR×NT band
matrices defined in (5)

H =

 H(1,1) . . . H(1,NT)

...
. . .

...
H(NR,1) . . . H(NR,NT)

 . (6)

Fig. 1. Generalized system model for describing the HSDPA physical layer.

At the receiver, noise and out-of-cell interference, their sum
denoted by vk, deteriorates the desired signal

bk = Hak + vk = H (W ⊗ ILc) sk + Hpk + vk. (7)

The signal bk is then processed in an MMSE based [10, 11]
or an interference aware [12, 13] equalizer F to obtain an
estimate of the transmitted chip stream

ŝk =
[
ŝ
(1)
k−τ , . . . , ŝ

(Ns)
k−τ

]T

= Fbk

= FH (W ⊗ ILc) sk + FHpk + Fvk. (8)

The equalizer matrix F here consists of Ns vectors, each of
length NRLf

F =
[
f (1), . . . , f (Ns)

]T

. (9)

III. POST EQUALIZATION SINR CALCULATION

In this section, we derive analytic expressions for the post
equalization interference terms. These expressions can be used
to determine the total post equalization SINR required for
calculating the CQI and PCI feedback information.

Since the true channel matrix H is unknown at the receiver
and can only be estimated with a certain Mean Square Error
(MSE), we approximate the true channel matrix by the esti-
mated channel matrix Ĥ and a matrix H∆ representing the
channel estimation error [14]. The matrix H∆ is constructed
like the channel matrix H in (5) and (6). The non-zero
elements of H∆ are assumed to be i.i.d. Gaussian with a
variance equal to the MSE of the channel estimator.

A. HS-PDSCH Interference

The High Speed Physical Downlink Shared Channel (HS-
PDSCH) consists of the data chip streams in sk. These code
division multiplexed data chip streams generate interference
due to non perfect equalization at the receiver. The total
impulse response seen by all data chip streams in sk to the
output of the ns-th equalization filter is given by

g(ns)T
s = f (ns)T

(
Ĥ + H∆

)
(W ⊗ ILc) . (10)

The interference power at the output of the equalizer can be
divided into a deterministic part (caused by Ĥ) and a stochastic
part (caused by H∆). The deterministic interference can be
canceled by a decision feedback equalizer [15], whereas the
stochastic interference can only be decreased by reducing the
MSE of the channel estimator.

The deterministic HS-PDSCH interference power is cal-
culated by accumulating the energies of the total impulse
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response at delays k 6= τ . The remaining interference at delay
τ (the chosen delay of the transmitted chip stream after the
channel and the equalizer) is irrelevant since it is perfectly
removed by the despreading operation

γ
(ns)

s,Ĥ
=

PHS−PDSCH

Ns
·

Lc∑
k=1
k 6=τ

∣∣∣(f (ns)TĤ (W ⊗ ILc)
)

k

∣∣∣2 .

(11)

Here, PHS−PDSCH corresponds to the transmit power available
for all Ns data chip streams. The operator (.)k denotes the k-th
element of a vector.

The stochastic HS-PDSCH interference power is obtained
by building the expectation with respect to the unknown
channel estimation error

γ
(ns)
s,H∆

=
PHS−PDSCH

Ns
·

· EH∆


Lc∑

k=1
k 6=τ

∣∣∣(f (ns)TH∆ (W ⊗ ILc)
)

k

∣∣∣2
 ≈

≈PHS−PDSCH

Ns
·MSE · (Lh − 1) NT

∥∥∥f (ns)
∥∥∥2

2
. (12)

In this derivation, the last step can be verified by a careful
inspection of the matrix-vector multiplications.

B. Pilot Interference

The total impulse response seen by the pilot channels from
the transmit antennas to the output of the ns-th equalization
filter is given by the NTLc length vector

g(ns)T
p = f (ns)TH = f (ns)T

(
Ĥ + H∆

)
. (13)

Again, we can identify a deterministic interference

γ
(ns)

p,Ĥ
=

PCPICH

NT
·

·
NT∑

nt=1

Lc∑
k=1
k 6=τ

∣∣∣∣(f (ns)TĤ
)

k+(nt−1)Lc

∣∣∣∣2 (14)

and a stochastic interference

γ
(ns)
p,H∆

=
PCPICH

NT
·

· EH∆


NT∑

nt=1

Lc∑
k=1
k 6=τ

∣∣∣∣(f (ns)TH∆

)
k+(nt−1)Lc

∣∣∣∣2
 ≈

≈ PCPICH

NT
·MSE · (Lh − 1)

∥∥∥f (ns)
∥∥∥2

2
. (15)

Here, PCPICH denotes the total pilot channel power for all
transmit antennas.

C. Synchronization and Control Channels Interference

For the calculation of the interference emerging from the
synchronization and control channels we assume that these
channels are transmitted on all antennas simultaneously, that
is, the power is equally distributed on all transmit antennas.
Since the Synchronization Channel (SCH) and the control
channel (PCCPCH) are transmitted time multiplexed, we as-
sume that both channels have equal power; that is, PSCH =
PCCPCH. The total impulse response of the synchronization
and control channels to the output of the ns-th equalization
filter is given by

g(ns)T
SCH =

1√
NT

f (ns)T
(
Ĥ + H∆

)
(1NT ⊗ ILc) . (16)

Here, 1NT denotes an NT × 1 dimensional vector with
all entries equal to one. Note that the multiplication with
(1NT ⊗ ILc) represents the summation of the individual trans-
mit antenna impulse responses. This is required because we
assumed that synchronization and control channels are equally
distributed on all transmit antennas. The deterministic part of
the interference is calculated as

γ
(ns)

SCH,Ĥ
=

PSCH

NT
·

Lc∑
k=1
k 6=τ

∣∣∣(f (ns)TĤ (1NT ⊗ ILc)
)

k

∣∣∣2 (17)

and the stochastic interference as

γ
(ns)
SCH,H∆

=
PSCH

NT
·

· EH∆


Lc∑

k=1
k 6=τ

∣∣∣(f (ns)TH∆ (1NT ⊗ ILc)
)

k

∣∣∣2
 ≈

≈ PSCH

NT
·MSE · (Lh − 1)

∥∥∥f (ns)
∥∥∥2

2
. (18)

Additionally to the two interference terms above, interference
at delay lag k = τ emerges from the SCH since it is
transmitted without spreading and scrambling and is thus not
orthogonal to the data channels

γ
(ns)

SCH,Ĥ,τ
= 0.1

PSCH

NT

∣∣∣(f (ns)TĤ (1NT ⊗ ILc)
)

τ

∣∣∣2 , (19)

γ
(ns)
SCH,H∆,τ =0.1

PSCH

NT
EH∆

{∣∣∣(f (ns)TH∆

)
τ

∣∣∣2} =

=0.1
PSCH

NT
·MSE·

·
NR∑

nr=1

Lh∑
k=1

∣∣∣∣(f (ns)
)

k+τ−Lh+(nr−1)Lf

∣∣∣∣2 . (20)

The constant factor 0.1 originates from the time-multiplexing
of the SCH with the PCCPCH since the SCH occupies only
the first 10% of all chips in every transmitted slot. Note that
the PCCPCH does not contribute to the interference terms (19)
and (20) since it is transmitted with spreading.
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TABLE I
HSDPA SYSTEM PARAMETERS.

Parameter Value
CPICH Ec/Ior −10 dB
SCH/PCCPCH Ec/Ior −12 dB
User equipment categories [1] 16
Measured channel realizations 784
Maximum transmit power 39 dBm
Center frequency 2.5 GHz

D. Post Equalization Noise

According to our system model (8), the variance of the post
equalization noise at the output of the ns-th equalization filter
is given by

σ
(ns)2
v′ = ‖f (ns)‖2

2σ
2
v . (21)

E. Post Equalization SINR

The total deterministic interference caused by the pilot,
control, and synchronization channels is given by

γ
(ns)

Ĥ
= γ

(ns)

p,Ĥ
+ γ

(ns)

SCH,Ĥ
+ γ

(ns)

SCH,Ĥ,τ
. (22)

Analogously, the stochastic interference is calculated by

γ
(ns)
H∆

= γ
(ns)
p,H∆

+ γ
(ns)
SCH,H∆

+ γ
(ns)
SCH,H∆,τ . (23)

Knowing all the above interference terms we can calculate the
post equalization SINR [8, 9] of the ns-th data stream at the
despreader output

SINRest
(ns) =

SF
∣∣∣(g(ns)

s

)
τ

∣∣∣2 PHS−PDSCH
Ns

γ
(ns)

s,Ĥ
+ Cγ

(ns)

Ĥ
+ γ

(ns)
s,H∆

+ γ
(ns)
H∆

+ σ
(ns)2
v′

.

(24)

Here, SF is the spreading factor of the HS-PDSCH. The factor
C is equal to 0 if the receiver uses interference cancelation of
the synchronization, pilot, and control3 channels and equal
to 1 if no interference cancelation is employed. If more
advanced interference cancelation schemes like in [15] are
employed, also the term γ

(ns)

s,Ĥ
can be reduced. The stochastic

interference terms can only be reduced by more advanced
channel estimation algorithms, and/or by iterative receiver
techniques that use decision directed channel estimation.

IV. SIMULATIONS AND MEASUREMENTS

The accuracy of the SINR estimation was evaluated by
link level simulations and outdoor measurements. In the sim-
ulations, we used an uncorrelated ITU Pedestrian B channel
model [16]. The measurements were carried out in the alpine
valley Drautal in Carinthia, Austria and utilized the Vienna
MIMO testbed described in detail in [7] and [17–19]. The
transmitter and receiver were placed on the opposing sides of
the valley4 in a distance of 5.7 km (Fig. 2). At the transmitter,

3Note that we assume here that the control channel can be detected error
free due to the large spreading factor of 256 which provides a large spreading
gain and thus high SNR.

4Detailed transmitter and receiver positions can be downloaded
for Google Earth at http://www.nt.tuwien.ac.at/fileadmin/data/testbed/
Carinthia-RX-TX-GPS.kmz

XYΦ table

radios

Sync

radiosPC

R
A

M

C/Matlab

A D

R
A

MA D

HDDs
P2P

connection

TX (outdoor)

RX (indoor)

UTM coordinates:
33T 353811mE 5178652mN

653 m.a.s.l.

33T 358943mE 5176167mN
UTM coordinates:

991 m.a.s.l.

5.7
 km

Sync
PC

C/Matlab

HDDs
P2P
connection

Fig. 2. Measurement setup in the alpine valley Drautal in Carinthia, Austria.

we utilized a Kathrein 800 10543, 60◦ XX-pol basestation
panel antenna [20] with ±45◦ polarization. A center frequency
of 2.5 GHz and a maximum transmit power level of 39 dBm
was used. At the receiver, four Linksysr 5 dBi rod antennas
pointing into different directions were mounted on a brass
sheet in the size of the top of a Linksys WLAN router.
The receive antennas were rotated and moved by an XYΦ-
positioning table to generate 784 channel realizations within
an area of 3 λ×3 λ (36 cm×36 cm). At every position we
measured twelve different transmit power levels.

The measurements were carried out using the following
procedure: At every receive antenna position and transmit
power value, we first transmitted one HSDPA subframe which
was evaluated in a “mini-receiver”. This mini-receiver only
performed synchronization, channel estimation and subse-
quently the CQI and PCI calculation. The CQI and the PCI
value was then fed back to the transmitter which transmitted
an HSDPA subframe corresponding to the CQI and PCI value.
This subframe was then stored at the receiver for later off-line
evaluation. More details about the measurement procedure can
be found in [21].

In the off-line data evaluation, we employed a low complex-
ity LMMSE channel estimator [22] with three iterations at the
receiver. The iterations were required to alternately improve
the channel estimate and the channel autocorrelation estimate.
The channel estimate was then used to calculate an estimate of
the deterministic part of the receive signals (synchronization
and pilot signal) which were subtracted from the received sig-
nal to perform interference cancelation. A subsequent LMMSE
equalizer [21] was then applied to obtain an estimate of
the transmitted data chip stream. Compared to the optimum
ML receiver [23], LMMSE equalization with interference
cancelation provides a good performance/complexity tradeoff.
Log-likelihood values of the received bits were calculated in
a soft max-log-MAP demapper and further processed in a
Turbo decoder with eight iterations. If the CRC of the HSDPA
subframe was correct, the number of data bits was considered
in the throughput calculation. If the CRC failed, the data
throughput of this frame was set to zero.
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Fig. 3. Simulated (left side) and measured (right side) throughput and post equalization SINRs.

V. RESULTS

The results of our simulations and measurements are shown
in Fig. 3 in form of throughput and SINR plots. The plots on
the left side in Fig. 3 are obtained by physical layer simulations
with perfect channel knowledge at the receiver. The plots on
the right side in Fig. 3 are obtained by measurements with
channel estimation at the receiver.

The “observed SINR” in Fig. 3 is the SINR observed at the
demapper input and is obtained as follows: Consider the trans-
mitted data symbol vector d(ns) of the ns-th symbol stream
and the corresponding received symbol vector at the demapper
input d̂(ns). The “observed” or “true” post equalization SINR
is given by

SINR =
‖d(ns)‖2

2

‖d̂(ns) − d(ns)‖2
2

. (25)

In the simulations, we observe a very good fit of the estimated
SINRs (calculated according to Equ. (24)) over the full Ior/Ioc

(ratio of the energy of the desired basestation to the energy
of the interfering basestations) range. The SINR increases
linearly with increasing Ior/Ioc. The estimated SINRs in the
measurements also show a good fit at all transmit powers. In
contrast to the simulations, the SINR saturates at about 30 dB

which is caused by residual interference due to the channel
estimation error.

In the measured scenario, the 2×1 TxAA system almost
achieves the performance of the 1×2 SIMO system, whereas
in the simulations a larger distance of almost 5 dB is observed.
The large distance in the simulation is caused by the rather
large delay spread of the Pedestrian B channel model. At
such a large delay spread, the precoding with a complex
scalar for every transmit antenna is far from optimal. In our
measurements, however, the channel has a very small delay
spread (about three chips) and thus the precoding works very
well.

In Fig. 4, the individual post equalization interference terms
of the 2×2 TxAA system are shown over Ior/Ioc. Below
Ior/Ioc ≈ 10 dB, the system performance is mainly dominated
by the post equalization noise. Above Ior/Ioc > 10 dB, the
deterministic interference of pilot and synchronization channel
becomes dominant and has to be canceled to achieve high
performance. If interference cancelation is performed, the
system performance at high Ior/Ioc ≈ 10 is mainly dominated
by the channel estimation error.
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VI. CONCLUSIONS

In this work, we evaluated a throughput-maximizing method
that jointly determines the CQI and the PCI value. The method
was implemented in a physical layer link level simulator where
a very good agreement between the estimated and the true
post equalization SINR was achieved. Measurements with
our testbed also showed a very good agreement between the
estimated and the true SINR. A detailed analysis of the post
equalization interference terms proofs that the performance at
large receive SNRs is limited by interference caused by pilot
and synchronization channels and by residual interference due
to channel estimation errors. Therefore, interference cancela-
tion as well as high performance channel estimation techniques
have to be implemented in a MIMO HSDPA receiver in order
to achieve high data throughput.
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