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1. INTRODUCTION

Previous results for high-speed downlink packet access (HSDPA) using multiple-input
multiple output (MIMO) techniques have focused on flat fading channels [1][2]. In this
contribution, we propose a MIMO receiver architecture using equalization which accounts for
multipath and intercode interference encountered in frequency selective fading channels. (The
MIMO equalizer is a generalization of the conventional MMSE equalizer for dispersive
(single-antenna) channels [5].) We show that this receiver can effectively mitigate the effects
of the interference in dispersive channels specified by the MIMO link channel model [3]. The
equalization technique can also be applied to conventional single-antenna HSDPA receivers
in cases where a conventional rake receiver is code-interference limited.

2. RECEIVER ARCHITECTURE OVERVIEW

In frequency selective fading channels, the channel delay spread causes multiple delayed
replicas of the transmitted signals to arrive at the receiver. In CDMA systems, spreading code
orthogonality is not preserved among signals with different multipath delays, and severe
multipath and intercode interference can occur, especially in systems like HSDPA where a
large number of orthogonal spreading codes are employed. The interference is so severe that
conventional rake receiver techniques which do not account for the interference provide
unacceptably poor performance. One technique to account for the interference is the multipath
interference canceller [4]. This technique was shown to be effective in a 2 path channel with
equal average power paths and one chip delay offset. However, its efficacy has not been
shown for more realistic channels (e.g., dispersive MIMO link level channels in [3]) which
consist of several multipath components with fractional chip delay offsets.

To address this potential shortcoming, the proposed receiver architecture uses a linear tap-
weight equalizer which attempts to remove the effects of the dispersive channel and thereby
reorthogonalizing the spreading codes. Consider a system with M transmit antennas and N
receive antennas. We assume that the transmitted signal consists of JM substreams
transmitted using code reuse with J orthogonal spreading codes on the HS-DSCH [1] over the
M antennas. We ignore the other channels such as the CPICH and DPCHs for simplicity. As
shown in Figure 1, the equalizer jointly processes the baseband signal from all N receive
antenas in an optimum manner such that the mean squared error between its output and the
transmitted signal is minimized. This is simply a conventional minimum mean-squared error
(MMSE) linear equalizer generalized to a multidimensional system. On each chip interval, the
output of the MMSE equalizer is a M-dimensional complex vector. In the absence of thermal
noise and under the assumption of a full rank channel matrix Γ  (defined below), the MMSE
equalizer is equivalent to a zero-forcing equalizer whose mth component (m = 1 … M) over
successive chip intervals is the chip sequence of the signal transmitted from the mth antenna.
This signal is the sum of J data substreams. Despreading this signal with respect to the J
codes results in soft symbol estimates for these substreams. The estimates from each of the M
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MMSE outputs are collected, multiplexed, and passed to the demapper, deinterleaver, and
decoder.
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Figure 1. Receiver block diagram

3. TRANSMITTED SIGNAL

A high speed data stream is coded, punctured, interleaved, mapped to symbols and
demultiplexed into JM equal-rate substreams where M is the number of transmit antennas, and
J is the number of orthogonal spreading codes of spreading factor F. Let ,j mb  denote the
symbol from the mth antenna (m = 1 … M) spread by the jth code (j =1 … J). Then the
transmitted signal from the mth antenna during this symbol period is

,
1

J

m j j m m
j

b
=

= =∑t s Sb . (1)

where js  is the jth spreading code, [ ]1 J

∆
=S s sL  is the F -by- J spreading code matrix, and

1, ,[ ]Tm m J mb b
∆
=b L  is the vector of data from antenna m.

4. RECEIVED SIGNAL MODEL

We first consider a system with a single transmit antenna and single receive antenna. Let

[ ](1) (2) (3)
T

x x x
∆
=x L  denote the vector of data transmitted over a given frame. The

components of x  correspond to the components of 1t  in (1) taken over successive symbol
intervals, and the length of x  is the number of chips per frame. Let L be the delay spread of
the channel measured in units of the chip period, and let P be the oversampling factor. The
channel coefficient corresponding to the lth chip and pth oversample is ( 1)ph l −  (l = 1 … L,

and p = 1 … P). We define ( )py k  as the received signal sample obtained when the kth chip of

x  is multiplied by the last sample ( 1)ph L −  of the channel response:
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where ( )pn k  is the additive noise on the pth sample of the kth chip.  This noise component is

a zero-mean, complex Gaussian random variable with variance 2 / 2nσ  per complex
dimension. Let E be the span of the equalizer measured in units of the chip period, and let

( )kx  be the (E + L –1)-dimensional subvector of x  starting with the kth term ( )x k  and
ending with the term ( 2)x k E L+ + − . Then the received signal vector ( )ky  can be written as:
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where ( )ky , Γ , ( )kx , and ( )kn  are respectively size PE-by-1, PE -by- (E+L -1), (E+L-1)-
by-1, and PE -by-1.

To generalize this model for M transmit and N receive antennas, we let

[ ](1) (2) (3)
T

m m m mx x x
∆
=x L  denote the vector of data transmitted over a given frame over the

mth antenna (m = 1 … M) corresponding mt  in (1). Let ( )m kx  be the (E + L –1)-dimensional

subvector of mx  starting with the kth term ( )mx k  and ending with the term ( 2)mx k E L+ + − .

We define , , ( )n m ph l  as the channel coefficient between the nth transmitter (n = 1 … N) and

mth receiver (m = 1 … M) corresponding to the lth chip and pth oversample. Let ,n mΓ  denote

the channel matrix analogous to Γ  composed of channel coefficients , , ( )n m ph l , l = 0 … L –1,

p = 1 … P. Let , ( )n pn k  be the additive Gaussian noise at the nth antenna on the pth sample of

the kth chip. Defining ,1 , ,1 ,( ) ( ) ( ) ( 1) ( 1)
T

n n n P n n Pk n k n k n k E n k E
∆

 = + − + − n L L L , the

received signal vector at the nth antenna can be written

,
1

( ) ( ) ( )
M

n n m m n
m

k k k
=

= Γ +∑y x n

By stacking the received vectors and generalizing the definition of 1( ) ( ) ( )
HH H

Nk k k
∆

 =  y y yL ,

we can write
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. (2)

The matrix Γ  and the vectors x(k) and n(k) have also been generalized and redefined for the
multiple antenna case. The sizes of ( )ky , Γ , ( )kx , and ( )kn  are respectively PEN-by-1,
PEN -by- M(E+L -1), M(E+L-1)-by-1, and PEN -by-1.

5. EQUALIZER DERIVATION

Let the components of ( )d kx  be a M-dimensional vector whose mth component is the
transmitted signal from the mth antenna with delay d with respect to sample k :

[ ]1( ) ( ) ( )
T

d Mk x k d x k d
∆
= + +x L . Given y(k), the minimium mean-square error (MMSE)

equalizer M PNE
d

×∈W £  minimizes the mean-square error between the equalizer output

( )d kW y  and the desired M-dimensional output vector ( )dx k : 
2

( ) ( )d dE k k − W y x .

Assuming that the noise ( )kn  and the desired vector ( )dx k  are independent, the Weiner
solution is given by
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where we have used
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(4)

where 2 *( ) ( )x m mE x k x kσ  =    is the chip power (independent of antenna m and time k),

{ {
2

[0 01 0 0 ]d
d E L d

∆

+ − −

=e L L  is a E+L-1 dimensional unit vector, z is a E+L-1 dimensional vector of

zeroes, dE  is the M -by- M(L+E-1) matrix defined above in (4), and ( ) ( )H
n E k k =  R n n  is

the noise covariance matrix. If we assume that the noise is white is uncorrelated among
antennas, 2

n n PNEσ=R I  where jI  denotes the j -by- j identity matrix. Note that because the
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MMSE equalizer is only dependent on the power of the chip sequences and not their actual
values, dW  is independent of the time index k. Hence it needs to be recomputed at the rate of
significant channel variations. Using an alternative MMSE detector design which depends on
the spreading sequences, the equalizer taps would have to be updated whenever either the
spreading codes change or the channel changes significantly. In systems with long spreading
codes, the spreading codes change ever symbol, resulting in an enormous computational
burden. Note that for a single antenna system (M = N = 1), the equalizer in (3) reduces to the
conventional single antenna MMSE equalizer for dispersive channels [5].

The MMSE equalizer dW  simultaneously accounts for three types of interference with
respect to a desired data stream corresponding to a given code and transmit antenna: the self-
interference (intersymbol interference) due to the multipath delay spread, multipath
interference from data streams spread by other codes, and spatial interference from data
streams sharing the same code but transmitted from other antennas.

6. SIMULATION ASSUMPTIONS

We consider three transmission options summarized in Table 1. MCS A uses conventional
single-antenna transmission. Using 10 codes, each with rate ¾ coding and 16QAM
modulation, the total HS-DSCH data rate 7.6Mbps. MCS B employs MIMO code reuse
transmission with 4 transmitters for 10 codes. Because of the code reuse, there are a total of
40 substreams, each with rate ½ coding and QPSK modulation, and the total data rate is 9.6
Mbps. Using a higher coding rate and larger data constellation, MCS C achieves a total data
rate of 28.8Mbps.

Table 2 summarizes the simulation assumptions and gives the equalizer parameters. The
simulations are performed for the four channel models derived for the link level simulations
[3]. Their parameters are given in Table 3. Note that there are some minor differences in the
parameters in Table 3 and in [3], resulting in some differences in the numerical results.
However, the overall qualitative results remain the same. The Node B and UE correlation
matrices for channel cases B, C, and D are:

   1.0000                   -0.0736 + 0.0747i    -0.0019 - 0.0287i      0.0103 + 0.0081i

  -0.0736 - 0.0747i   1.0000                      -0.0736 + 0.0747i    -0.0019 - 0.0287i

  -0.0019 + 0.028NodeB =R
7i   -0.0736 - 0.0747i     1.0000                     -0.0736 + 0.0747i

   0.0103 - 0.0081i    -0.0019 + 0.0287i    -0.0736 - 0.0747i     1.0000        

 
 
 
 
 
 

   1.0000                   0.0861 + 0.4314i  -0.0758 + 0.0150i  -0.0863 + 0.0108i

   0.0861 - 0.4314i   1.0000                   0.0861 + 0.4314i   -0.0758 + 0.0150i

  -0.0758 - 0.0150i   0.0861 - UE =R
0.4314i   1.0000                    0.0861 + 0.4314i

  -0.0863 - 0.0108i  -0.0758 - 0.0150i   0.0861 - 0.4314i    1.0000          

 
 
 
 
 
 

MCS # trans-
mitters

Tx technique Code
rate

Modu-
lation

Total data rate

A 1 Conventional 3/4 16QAM 7.6 Mbps
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B 4 Code reuse 1/2 QPSK 9.6 Mbps
C 4 Code reuse 3/4 16QAM 28.8 Mbps

Table 1. MCS schemes

Chip rate 3.84 Mcps
Spreading factor 16
Number of HS-DSCH codes 10
HSDPA frame length 3.33 msec (5 slot lengths)
DSCH Ec/Ior -0.97 dB (80% of Ior)
L 16
E 6 (Ped A), 12 (Ped B), 12 (Ped B)
d Floor((L+E -1)/2)
Channel model See Table 3
Channel estimation Perfect knowledge
Channel decoding Max-log MAP decoding,

8 iterations
Table 2. Simulation parameters

Case A Case B Case C Case D
PDP

(Relative power (dB),
Delay (ns)) for each

path

N/A ITU Pedestrian A
(0,0), (-9.7, 110),

(19.2,190), (-22.8, 410)

ITU Vehicular A
(0,0), (-1, 310),

(-9, 710), (-10, 1090),
(-15, 1730), (-20, 2510)

ITU Pedestrian B
(0,0), (-0.9, 200),

(-4.9, 800), (-8, 1200),
(-7.8, 1730), (-20, 3700)

Speed (km/h) 3 3 30 3
Topology N/A .5ë-spacing .5ë-spacing .5ë-spacing

PAS N/A Ricean component
(K=6dB) for first path,
other paths Laplacian,

AS = 35 degrees

 Laplacian,
AS = 35 degrees

Laplacian,
AS = 35 degrees

Direction of
travel

N/A 0 22.5 -22.5

UE

AoA(deg) N/A 22.5 (all paths) 22.5 (all paths) 22.5 (all paths)

Topology N/A Uniform linear array:
1) 0.5 wavelength element spacing
2) 4.0 wavelength element spacing

PAS N/A Laplacian,
AS = 5 degrees

Laplacian,
AS = 5 degrees

Laplacian,
AS = 5 degrees

Node B

AoD(deg) N/A 20 20 20
Table 3. Channel models

7. SIMULATION RESULTS

We perform link level simulations and measure the coded frame error rate (FER) versus
Ior/Ioc. Figure 2 shows the FER performance of a conventional rake receiver for channel case
B (Pedestrian A with Ricean component, disregarding the spatial channel parameters) as the
number of HS-DSCH codes increases from J = 1 to 4 to 10. The data rates are respectively,
720 Kbps, 2.88 Mbps, and 7.2 Mbps. As the number of codes increases, the intercode
interference causes an error floor in the rake receiver performance. Therefore without
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accounting for the intercode interference, the achievable HSDPA data rates for conventional
single antenna systems will be limited, even for a relatively benign channel like the one in
case B.

The red curve (J = 10) from Figure 2 is reproduced in Figure 3 as the black curve. The red
curve in Figure 3 shows the performance for the same case B channel using the proposed
MMSE equalizer architecture. Note that in Figure 2, the entire data power is divided among
the J codes. Hence the Ior/Ioc required to achieve FER = 0.1 for J = 10 codes assuming that
intercode interference is completely removed is 5dB + 10dB = 15dB. From Figure 3, the
required Ior/Ioc for achieving FER = 0.1 for channel case B is about 15dB. Hence the
proposed equalizer in effect completely removes the intercode interference. The equalizer is
similarly effective for channel cases C and D. We conclude that some form of intercode
interference mitigation is necessary to achieve high data rates in single antenna HSDPA and
that the MMSE equalizer is an effective means for doing so.

The performance of a conventional rake architecture generalized to the multiple antenna case
is similarly ineffective when the number of codes J is large. And because code reuse should
be used only for large J, we argue that some form of intercode interference mitigation is
absolutely necessary for MIMO systems using code reuse. Figure 4 shows the performance of
the MIMO MMSE equalizer for MCS B under all four channel cases. We note that slopes of
the curves for the 3 dispersive channels (cases B, C, and D) are steeper than that of the flat
channel, implying that the equalizer not only mitigates intercode interference but also reaps
the benefits of multipath diversity which provide the steeper slopes. Note that for MIMO
systems, the Ricean component for channel case B degrades the overall performance; hence
the relative performance for case B in a MIMO (4,4) system is degraded compared to the (1,1)
system.

Similar performance results are shown in Figure 5 for the MIMO (4,4) system using MCS C.
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Figure 2. Rake performance parameterized by number of codes
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Figure 5. Link level performance, MCS C

8. CONCLUSIONS AND FURTHER CONSIDERATIONS

We have shown that the conventional rake receiver architecture results in a severe error floor
(FER of one) for both conventional single antenna and MIMO systems in frequency selective
channels when the number of DSCH codes is large. An MMSE space-time equalizer
architecture was proposed which removes this error floor by effectively mitigating the effects
of the intercode interference caused by the frequency selective fading. Preliminary
performance results indicate that the MMSE equalizer followed by despreading followed by
decoding not only removes the error floor but also provides performance improvements due
to multipath diversity over the flat channel.

The proposed architecture is applicable to a wide variety of receiver architectures including
single antenna HSDPA and MIMO code reuse receivers. While not shown here, the
performance of MIMO receivers can be further enhanced by following the
equalizer/despreader with either interference cancellation or maximum likelihood detection.
The equalizer architecture can also be applied to a variety of transmission techniques
including code reuse, per-antenna rate control (independent data constellations for each
transmit antenna), and double STTD.

The equalizer can also be implemented in an adaptive manner based on gradient descent
techniques. In this case, the matrix inverse in (3) would not have to be recomputed each time
the channel changes, and the resulting complexity would be much less. Future documents will
address this technique.
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