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(57) Abstract: A method for determining a transmitted signal received at a receiver in a radio transmission system is disclosed. The
radio transmission system has a plurality of parallel single-input single-output or multiple-input multiple-output channels over which
the signal is transmitted. The signal comprises one or more symbols, the symbols being spread prior to transmission by a plurality of
spreading sequences on a symbol-by-symbol basis every symbol period p. The method comprises receiving a signal 7 . (p)) corres-
ponding to a signal transmitted over a channel, wherein each symbol of the transmitted signal is spread using a respective spreading
sequence S(p). The method also comprises determining an estimated channel characteristic H indicative of effects of the channel
over which the received signal 7 ;.. (p) has been transmitted on the transmitted signal. Furthermore, the method comprises determin -
ing the transmitted signal 7 s.r(p) from the received signal 7 w4 (p) in accordance with the estimated channel characteristic H and the
spreading sequences used to spread the symbols. A method for determining data transmission rates for transmitting a signal over a
radio transmission system is also disclosed. Apparatus and computer program products for performing such methods are also dis -
closed.
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Data transmission optimisation method and apparatus

Field of Invention

The present invention relates to the field of mobile radio system data transmission.
More specifically, but not exclusively, a method for determining a transmitted signal
received at a receiver in a radio transmission system method is disclosed. In
addition, a method for determining data transmission rates for transmitting a signal

over a radio transmission system is disclosed.

Background to the Invention

Mobile radio system technologies are continuously advancing with the aim of
increasing data rates. The third generation mobile radio system uses a code division
multiple access (CDMA) transmission scheme and it has been extensively adopted
worldwide. The third generation partnership project (3GPP) has developed the high
speed down link packet access (HSDPA) system in the Release 5 specification of the
Universal Mobile Telecommunications System (UMTS) as a multi-code wide-band
CDMA system.

The success of the third generation wireless cellular systems is based largely on the
efficient resource allocation scheme used by the HSDPA system to improve the
downlink throughput. Multiple parallel channels are used to transmit data symbols.
The downlink throughput optimization for the HSDPA multi-code MIMO CDMA
system involves the use of the mean-square-error (MSE) minimizing receiver
despreading filter coefficients. The data rate for the symbol transmitted in each
channel is adjusted using a measure of the signal-to-noise ratio at the output of the
MMSE despreading unit. Once the symbol rate is determined, adaptive modulation
and coding methods are used to determine the type of modulation to be used over
each parallel channel. The incoming data bits are then converted to the appropriate
symbols for the chosen modulation type. Each symbol for each parallel channel is
spread using spreading sequences and spread signals are added before being
transmitted over the MIMO antennas using spatial multiplexing methods. The total
throughput of the HSDPA MIMO system is given by the summation of the data rates
transmitted in each parallel channel. Spatial multiplexing methods are then used to

maximize the throughput in the HSDPA downlink MIMO transmission.

The number of chip sequences used to spread symbols determines the processing

gain, N, for the spread sequence systems. The current standards for the HSDPA
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system uses a processing gain of 16. For the processing gain of N =16, the
maximum number of orthogonal spreading sequences is 16. When using spatial

multiplexing methods the number of spreading sequences is increased to

Nxmin(N,,N,) where N, and N, are the number of transmit and receive

antennas. The upper bound of the spatial multiplexing gain of the HSDPA MIMO
system is referred to as min(N,,Nr). When the total throughput, R,, for the HSDPA

MIMO is normalized with respect to the log,(SNR) at high SNR values the resultant

R

——L __  is upper bounded b min(N,,N, ), that is
log, (SNR) PP d V.. .)

measure

Lgmin(N[,Nr). The spatial multiplexing gain for the HSDPA MIMO
log, (SNR)

system _ R can be obtained by plotting the total rate against log, (SNR) and
log, (SNR)

measuring the slope of the capacity curve at high signal to noise ratios.

An approach was considered by 3GPP and a method was standardized to use a
given fixed set size of Orthogonal Variable Spreading Factor (OVSF) spreading

sequences for the processing gain of N =16. To achieve the full multiplexing gain of
the HSDPA MIMO system, a signature sequence set size equal to Nxmin(N,,N,)

is required. 3GPP standardized a method which increases the OVSF set size by
multiplying the given set with precoding weights and then concatenating the weighted

sets of spreading sequences to increase the signature sequence set size to

Nxmin(N,,N,).

Hence, a unique pre-coded spreading sequence is produced by concatenating the
spreading sequences used at each antenna for each transmission symbol. At the
transmitter, each transmission symbol is then spread before transmission with a
different channelization spreading sequence at each MIMO antenna. These
spreading sequences are known as the channelization spreading sequences. Each
concatenated channelization spreading sequence is orthogonal to the remaining set
of channelization spreading sequences, available at the transmitter for other
transmission symbols. In addition to the channelization spreading sequences, a set
of scrambling spreading sequences, specific to each downlink MIMO transceiver, is
used to further scramble the spread symbols, which have already been spread using

the channelization spreading sequences. The scrambling spreading sequence is
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unique to each HSDPA downlink base-station and is organized to change at every

symbol period.

The spreading sequence orthogonality is lost at the receiving end after transmission
over frequency selective multipath channels. Therefore, it has been proposed that a
linear MMSE equalizer followed by a de-spreader could be used to restore the
orthogonality of the spreading sequences at each receiver and to recover the

transmitted symbols after transmission over a multipath channel.

Recent developments have considered a self interference (SI) problem, which is
present in linear MMSE equalizers, when operating over multipath channels. To
improve the transmission throughput it is essential to reduce the large gap between
the currently practical achievable rates and the theoretical upper bound for the
HSDPA throughput. A receiver with an independent symbol level MMSE equalizer
followed by a symbol level successive-interference-cancellation (SIC) scheme deals
with the intra-cell self interference. It has been proposed that a hybrid linear
equalizer/interference cancelling receiver tailored to the HSDPA standard could be
utilized. Furthermore, it has been proposed that a SIC receiver with either a chip or a
symbol level MMSE equalizer for the HSDPA downlink throughput optimization is

used.

Instead of using a SIC based MMSE equalizer and de-spreader, if only a MMSE

based equalizer and de-spreader is used at the MIMO receiver, the spatial

multiplexing gain L of the HSDPA MIMO can be much smaller than the

log, (SNR)

spatial multiplexing upper bound min(N,,N,).

Introduction of a chip level MMSE linear equalizer followed by a de-spreader and a
symbol level SIC is considered to suppress the inter-chip interference (ICl) and also
all inter-stream interference. Furthermore, a channel matched filter (CMF) as a linear
chip level MMSE equalizer has been shown to maximize the signal-to-noise ratio by
collecting the energy at the multipath channel central tap. The chip level equalizer is
used to produce an estimate of the transmitted chip sequence, which is then de-
spread by one of the transmitter spreading sequences to detect one of the
transmitted symbol streams. The recovered symbol is then used to remove the

interference iteratively at chip level using a Successive Interference Cancellation
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receiver. This work is reported in a paper entitled “Shenoy, Shakti Prasad, Irfan
Ghauri, and Dirk TM Slock Optimal Precoding and MMSE receiver designs for
WCDMA, In IEEE Vehicular Technology Conference, 2008, VTC Spring 2008, pp
893-897, IEEE 2008 However the throughput performance when expressed in terms

T

log, (SNR)

spatial multiplexing upper bound min(N,,Nr) at high signal noise ratios.

of the spatial multiplexing gain could be significantly lower than the

The use of a receiver with the linear MMSE equalizer and a single stage SIC detector
requires the joint optimization of the transmitter and receiver to improve the spatial

RT

multiplexing gain ————
PIeXING 93N 1o, (SNR)

and hence maximize the downlink throughput. Various

transmission power allocation schemes can be used for different data streams for a
two stage successive interference cancellation scheme in multi-code MIMO systems.
A two stage SIC detection scheme with the transmitter power optimization can
improve the throughput performance for multi-code downlink transmission. However,
for each iteration of the SIC, the equalizer coefficient and the power allocation
calculations require an inversion of a covariance matrix for the received signal. The
dimension of the covariance matrix is usually large and each of the iterative power
allocation, the linear MMSE equalizer and the SIC implementations at the receiver
therefore become computationally expensive. Simplifications for the inversion of
large matrices has been examined to make the implementation of the linear MMSE

equalizers followed by the symbol level SIC practically feasible.

It is also imperative to eliminate individual power allocations to each spreading
sequence at the transmitter. It is important to use the equal energy and the equal rate
allocation method for each symbol before spreading each symbol by using
channelization and scrambling codes to maximize the spatial multiplexing gain of the
HSDPA MIMO transceiver.

Various attempts have been made to optimize transceiver design. Usually, different
optimization criteria are used when allocating powers for the multi-code downlink
throughput optimization. Some techniques focus on the transceiver design
optimization criteria and others concentrate on criteria for the joint rate and power
allocation. One attempt to deal with these problems has been to generalise the joint

rate and power adaptation methods as discussed in L. Zhao and J. Mark, “ Joint rate
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and power adaptation for radio resource management in uplink wideband code
division multiple access systems,” IET Communications, vol. 2, no. 4, pp. 562 —-572,
April 2008, which generalises the joint rate and power adaptation method in three

ways as follows:

1. The first criterion includes the systems which optimize the transmission
power to maximize the rate for a given realization of channel gains. A typical example
is L. Y. Hoon and K. S. Wu, “ Generalized joint power and rate adaptation in ds-cdma
communications over fading channels,” IEEE Transactions on Vehicular Technology,
vol. 57, no. 1, pp. 603 —608, Jan. 2008 which optimizes the number of symbols and
the number of bits per symbol. The aim is to maximize the total rate by iteratively
adjusting the transmission powers and spreading sequences whilst satisfying a target

signal-to-interference-noise (SINR) ratio at each receiver.

2. The second method aims to maintain the received power at a target
level, whilst maximizing the total rate by jointly optimizing the transmission power,
rate and signature sequences and also the linear MMSE equalizers at the receiver.
One example of such a method is S. Ulukus and A. Yener, “ Iterative transmitter and
receiver optimization for cdma networks,” IEEE Transactions on Wireless
Communications, vol. 3, no. 6, pp. 1879 — 1884, Nov. 2004 which jointly optimizes a

set of transmission spreading sequences and receivers with linear MMSE equalizers.

3. The third method, one example of which is described in L. Zhao and J.
Mark, “ Joint rate and power adaptation for radio resource management in uplink
wideband code division multiple access systems,” IET Communications, vol. 2, no. 4,
pp. 562 572, April 2008, uses the average system performance as an evaluation
criterion which requires the distribution of the received and the interference signal

powers.

In the current HSDPA system specification, an equal energy allocation scheme is
used to load each channel with either a single rate or two discrete rates. Parameters
of the MMSE receivers are usually optimized using either the max-min weighted SNR
criterion or the total MSE minimization criterion. Recently, an iterative power
adaptation method known as the two-group resource allocation scheme has been
developed as described in the paper: “The interference-reduced energy loading for
multi-code HSDPA systems” , Gurcan MK, Ma |, Ab Ghani H, EURASIP Journal on
Wireless Communications and Networking 2012/ 127 March 2012 for SISO HSDPA
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system. This method was extended to MIMO HSDPA system in the paper: “System
Value based Optimum Spreading Sequence Selection for High Speed Packet Access
(HSDPA) MIMO” , Gurcan MK, Ma I, Chungtragarn A, Joudeh H, EURASIP Journal
on Wireless Communications and Networking, 2013, 2013/:74. Mar 2013. Imperial
Innovations Ltd have filed the following patent applications related to these two
papers: UK patent applications GB1207546.1 and GB1115566.0, and International
patent applications PCT/GB2013/000185 and W02013/034875.

HSDPA systems have channel throughputs, which are usually plotted as a function
of the channel signal to interference plus noise ratio. Usually HSDPA transmissions
are over frequency selective multipath channels causing Inter Symbol Interference
(ISl) and there are typical channels specified by the standardization organizations.
Two well known specified channels are the Pedestrian A and the Pedestrian B

channels.

The Pedestrian A channels cause small ISI for the HSDPA system, and the

Pedestrian B channels cause severe IS| for the HSDPA system.

For the Pedestrian B channels with severe ISI the existing practical systems achieve
a performance below the theoretical performance. The patents filed by Imperial
Innovations Ltd referred to above have the objectives to control the number and the
ordering of signature sequences to achieve a throughput upper bound close to the
theoretical throughput upper bound for the HSDPA receiver for the Pedestrian B

channels with severe ISI when using:

* successive interference cancellation receivers; and

+ deterministic signature sequences without scrambling codes.

The paper: “System Value based Optimum Spreading Sequence Selection for High
Speed Packet Access (HSDPA) MIMO” , Gurcan MK, Ma |, Chungtragarn A, Joudeh
H, EURASIP Journal on Wireless Communications and Networking, 2013, 2013/:74.
Mar 2013 describes a MIMO HSDPA transceivers systems, whereinthese
transceivers operate with the channelization codes as the signature sequences.

These schemes have not used scrambling codes as part of the signature sequences.
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The system disclosed in this paper achieves a much improved throughput at high

T

log, (SNR)

spatial multiplexing upper bound min(N,,Nr ) A measurement known as the System

signal to noise ratios by bringing the spatial multiplexing gain close to the

Value measurement is used to control the rate and the power allocation when using
only channelization codes as the spreading sequences. An equal SNR allocation
scheme for the rate and the power allocation is considered. The System Value based
allocation delivers impressive results providing throughput close to the theoretical
upper bound. However, since the method requires the channel side information or
the data rate for each channel to be transmitted from the receiver MIMO to the

transmitter MIMO further optomisation could be possible.

Summary of Invention

In accordance with an aspect of the invention there is provided a method for
determining a transmitted signal received at a receiver in a radio transmission system
having a plurality of parallel single-input single-output or multiple-input multiple-output
channels over which the signal is transmitted, the signal comprising one or more
symbols, the symbols being spread prior to transmission by a plurality of spreading

sequences on a symbol-by-symbol basis every symbol period p. The method
comprises receiving a signal r,,,. (p)) corresponding to a signal transmitted over a

channel, wherein each symbol of the transmitted signal is spread using a respective
spreading sequence S(p). The method also comprises determining an estimated
channel characteristic H indicative of effects of the channel over which the received

signal r,,,, (p)has been transmitted on the transmitted signal. Furthermore, the
method comprises determining the transmitted signal r,,,, (p)from the received
signal r,,,, (p)in accordance with the estimated channel characteristic H and the

spreading sequences used to spread the symbols.

The method may further comprise determining a combined matrix Z of all spreading
sequences S(p) used to spread the symbols of the transmitted signal. The method
may further comprise determining a covariance matrix C and a normalization matrix
C, in accordance with the estimated channel characteristic H, and a multiplication of

the combined matrix of the spreading sequences Z and the hermitian of the

combined matrix of the spreading sequences Z”. The transmitted signal may be
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determined from the received signal rj,q4(0) by multiplying the received signal

T iong (p)with the inverse of the covariance matrix C, the hermitian of the channel

matrix H , and the hermitian of the normalization matrix C,,.
The covariance matrix C may be defined as follows:

E

€= WLHZZHHH + H1Zp—1ZZI—1HfI + HzZpHZgﬂHg] +
t

N,N,KN® j
T VW

T

wherein [, is a total transmission energy, N, =N_ is a total number of MIMO
transmission antennas, N K is a total number of spreading sequences, NY is a
total number of transmitted symbols used to calculate the covariance matrix C. N,
is a noise power spectral density, INF(N%I) is an identity matrix, the previous symbol

period channel interference matrix H, is produced from the estimated channel matrix

H using:

H1 _ (IN ® (JTyv )H c CNr (V+L-1N N

and wherein the channel matrix for the next symbol period is produced using:
H, - (IN ®JN)H e CNr(N+L—1)><NtN

wherein the (N + L —1)x(N + L —1) -dimensional matrix J ., , is given as

0/, 0
Iy, =| W) and also the operation J" refers to the N power of
I(N+L—2) Q(N+L—2)

J,., , further the operator ® corresponds to Kroneker product, ZZ" are

transmitted signature sequence matrices and Z pfllfil and also Z ijﬂ are the

p+l

transmitted signature sequence matrices for the current previous and next symbol

periods.
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The covariance matrices of the transmitted signature sequence matrices ZZ"” and

Z,Z" and Z, 717

. ,. for the current, previous and next symbol periods may be

p+l

determined according to the following:

wherein a spreading sequence matrix S(p) of all spreading symbols for each symbol

period p is determined according to:

S(p) = diag(s,..(P))S -

wherein S , . is an extended channelization matrix and gwsc(p)is a scrambling

sequence vector for symbol period p wherein the scrambling sequence vector

s,..(p) is determined according to:

—Wwsc

S,,. =diaglt, J®S, )

=S e ()5, (V) 4 2)]

and wherein the extended channelization matrix S, , is determined according to:

Sch,W = (W ® Sch,K ) = [gwch,b o gwch,k’ o §wch,K ]

wherein a total of K channelization spreading sequences S, . are generated from a

total of N Hadamard codes with spreading sequence processing gain N, and a

signature sequence matrix S_ S = [gm,---s "EssNJ wherein a channelization

sk

spreading sequence vector s, assocaited with the signature sequence matrix

S, has the property:
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and wherein a transmitter precoding matrix W is determined according to:

W=|_w17”'7wnta'”sz]

wherein the precoding vectors w, forn, =1,---, N, with the property:

1 i=j
—i —J

0 i+

are the beam stearing vectors used at the transmitter antennas.

For a Successive Interference Cancellation, SIC, receiver the signature sequence

covariance matrices Z(¢)Z" (¢), Z, ,(6)2" (¢) and Z,(£)Z",,(£) may be

p+l

updated using:

22" (€)= 2L €)- 38, ()87 (€)

k:k1

wherein S, (£)= {_v{(ﬁ —1)N—(3 +1j,---§k£(§ —1)N—(X) + pﬂ and

N

A

Z, (2 (©)=2, (2 () 38 o8I 0(E)

k=ky

A

) )
wherein Sk,(pfl)(§)= {g{(&f —1)%3}...&[(43 —1)%3+ p—lj:| and

Zp+1 (g )Zer (g ) - Zp+1 (g )Zfﬂ (g ) o szk,(pH) (g )SkH,(p+1) (g)

k:k1

x) )
wherein S, .y = {_vk[(af —l)N—+ 2},--@,{ [(af - 1)%4‘ p +lﬂ for the updated

A

signature sequence matrices, and C(g) and Cn(af) are the received signal

10
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covariance matrix and the normalization matrix respectively for use in the

implemenation of successive interference cancelation receivers and wherein £ is the
epoch number, N and NS(") are the number of symbols transmitted in a block and a
set of the blocks respectively and wherein the covariance matrix C(g) is determined

according to:

c(e) i)[nz@)zf W +MZ, ()27 (N + M,z ()2 ()R +

B N,N,KN®
- NEN© ———1, (very

E

T

and the normalization matrix is determined according to:

C, ()= (Diag(Diag(H"C (¢ )H)) "

For the Successive Interference Cancellation, SIC, receiver the received long matrix

R, = may be iteratively updated for the correctly detected symbol sequences in the

long

channels updated using:

k,
Rlong = Rlong _Ek Z(I)k

k=ky

N lﬁlo”g (l)’ "5 Liong (p)7 5 iong (N(X))J

wherein the long matrix @, for the correctly detected symbols is determined

according to:

wherein the ¥ channel’s chip sequence vector q_bk(p) for the symbol period p

and spreading seqgeunce s, (p) is determined according to:

¢, (p)=[Hs, (0}, ,(0)+ Hys, (p 1) (0~ 1)+ Hys, (o + D, (04 1)]

for successive interference cancellation receivers.

The transmitted signal Kshm(/?) may be determined according to the following:

11



WO 2014/207459 PCT/GB2014/051937

F ()= ((C’IHCn Y Fine (p))

wherein C' is an inverse of the covariance matrix, » long (p) is the received signal,

and the normalization matrix C, is determined according to:
C, = (Diag(Diag(HHC’lH)))f1

The method may further comprise estimating a received symbol vector using the

following relationship:

p)=8%, (Diag(s,.(p))" r . (0)

- b}l(p)’...’j/k(p),"'j/zvtK(p)J

wherein Kshm(/?) is the transmitted signal, S, , is an extended channelization

matrix and s (p)is a scrambling sequence vector for symbol period p wherein the

—Wsc

scrambling sequence vector s (p) is determined according to:

—Wsc

S,,. =diaglt, J®S, )

=[50 ()5, (0) -5, (N 4 2)]

and wherein the extended channelization matrix S, , is determined according to:

Sch,W = (W ® Sch,K ) = [gwch,b o gwch,k’ o §wch,K ]

wherein a total of K channelization spreading sequences S, , are generated from a

total of N Hadamard codes with spreading sequence processing gain N, and a

signature sequence matrix S =[§m,---§ssk,---§sw] , wWherein a channelization
spreading sequence vector s, associated with the signature sequence matrix

S, has the property:

12
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1 i=j

0 i+

and wherein a transmitter precoding matrix W is determined according to:

W=|_w17”'7wnta'”sz]

wherein the precoding vectors w, forn, =1,---, N with the property:

1 i=j
—i —J

0 i+

are the beam stearing vectors used at the transmitter antennas.

The estimated channel characteristic may be defined by:

(LN)

HD H
H — . H(nr’nt)
(N1
H " H

(N,.N))

wherein the channel convolution matrix H™""" between the transmit antenna n,and

the receive antenna n, is defined by:

C ) -
0 0
(n ,nl) .
B :
(n, n) . .
O = h : 0
O hzrirl,nl) hénr,nl)
(n,.n)
0 0 B

wherein a channel impulse response vector between a transmit antenna »,and a

receive antenna n, is defined by channel impulse response function:

13
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L-1

(n ,nt) _ (n Jlt) (n Jlt)
e R A

The estimated channel characteristic may be a channel impulse response function.

The received signal may be defined by:

Fine(P)=Hz(p)+ H,z(p— 1)+ H,z(p — 1)+ n(p)

wherein the vector Q(p) corresponds to the received noise samples at the output of

receiver chip matched filter and g(p) is the transmit chip vector for the current

symbol period which is determined according to:

2(p)= =8P (p)

t

wherein g(p—l) is the transmit chip vector for the previous symbol causing

intersymbol interference which is determined according to:

S(p-1)y(p-1)

t

wherein y(p)= lyl(p),---,yk(p),---,yK (p)JT is the transmitted symbols vector which

contains the symbols, over the symbol period p = l,---,N(") , Wherein N s the
number of transmitted symbols in a transmission block wherein the entire block of
transmission is represented as an (N(x) x N,K) dimensional transmit symbol matrix

using the following relationship:

14
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S PR I 1 Wy ()

wherein X is the matrix conatining transmitted symbols, x, is the vector containg
symbols over channel k, N, K is the total number of spreading sequences used in

the downlink MIMO system, and wherein the (N(")xl)-dimensional symbol vector

X, is constructed using:

x, =[x () x () (VO
for each channel k=1,..., N K .

In accordance with a further aspect of the invention there is provided a method for
determining data transmission rates for transmitting a signal over a radio
transmission system having a plurality of parallel single-input single-output or
multiple-input multiple output channels over which the signal is to be transmitted, the
signal comprising one or more symbols, the symbols being spread prior to
transmission by a plurality of spreading sequences on a symbol-by-symbol basis.
The method comprises receiving a signal comprising a plurality of symbols, each
symbol having been spread by a spreading sequence of a plurality of spreading
sequences, determining, for each symbol of the plurality of symbols, a system value
A« indicative of a signal-to-noise ratio associated with the respective spreading
sequence used to spread the symbol, and averaging the plurality of system values
associated with the plurality of spreading sequences to determine an averaged
system value for determining a data rate for transmission of symbols using the

plurality of spreading sequences.

The method may further comprise determining a data rate to be associated with the
number of signature sequences for transmission in accordance with the average
system value.

The data rate for each stream may be determined by finding the discrete data rate

value bp which satisfies the following equation:
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[A I, = ﬂ'(ns—l)KJrl (5) <[ |y

wherein A, 71)K+1(§) is the system value , which is for a streaming group number 7,
and for symbol epoch ¢ and a target system value [I]p , which is determined

re’” -1

according to [&L = -
1-T(27 -1)

for p=1,.., P for a chosen discrete bit rate of b,

wherein I is the gap value.

The method may further comprise estimating the symbols in the received signal in

accordance with the following equation:
J_A/(p) = SZ[,W (Diag(gwsc (p)))H Kshort (p)
Wherein Kshm(/?) is the transmitted signal, S, is an extended channelization

matrix and s, (p)is a scrambling sequence vector for symbol period p wherein

the scrambling sequence vector s

—Wwsc

(p) is determined according to:

... = ldiaglt,, J®s, )

=S e ()5, (V) 4 2)]

and wherein the extended channelization matrix S, , is determined according to:

Sch,W = (W ® Sch,K ) = [gwch,b o gwch,k’ o §wch,K ]

wherein a total of K channelization spreading sequences S, , are generated from a

total of N Hadamard codes with spreading sequence processing gain N, and a

signature sequence matrix S _ =[§m,---§ “EssNJ wherein a channelization

ss,k >

spreading sequence vector s, associated with the signature sequence matrix

S, has the property:
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and wherein a transmitter precoding matrix W is determined according to:

W=|_w17”'7wnta'”sz]

wherein the precoding vectors w, forn, =1,---, N with the property:

1 i=j
—i —J
0 i+

are the beam stearing vectors used at the transmitter antennas.

The system value may be defined by:

A =l-¢,

— ET H HywH
I—WTFQCQ(Sk DZZ°D Sk)

ET H H H
- Tmce(S DZ° 7Z D S)
N.KN® NG BT TR

ET H H H
- Tmce(S D,Z 7 .D S)
N.KN® NG BT e R

- % T mce(BBH )

wherein D is the estimated channel characteristic converted to a square matrix

representative of intersymbol interference, which is defined as follows:

D=C/ H'C 'H - diag(C" H"C 'H)
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and a signature sequence matrix for channel k is defined as:
Sk = diag(gwch,k )Swsc = |£k (l)’ o §k (p)7 o §k (N(X))J

wherein an intersymbol matrix D, for the interference from the previous symbol is

determined according to:
D, =(Cc’ H'C'H,)

and an intersymbol interference matrix D, for the interference from the next symbol

is determined according to:
D, =(Cc” H'C 'H,)

and B is a noise vector despreading matrix, which is determined according to:

B=S"c” H'C".

The plurality of spreading sequences with which the average system value is
associated may correspond to a first combination of receiver and antenna channels,
wherein the method further comprises determining an average system value for one
or more other combinations of receiver and antenna channels, and using the receiver

and antenna channel having the highest system value for transmission.

Any of the different methods disclosed herein may be combined with one another,
where appropriate, to form a combined process. For example, the method for
determining a transmitted signal received at a receiver may be combined with the

method for determining data rates, and vice versa.
Also disclosed is an apparatus arranged to perform any of the methods disclosed
herein. The apparatus may be a receiver device. The apparatus may be a radio

transmission system comprising one or more transmitters and one or more receivers.

Also disclosed is a computer program product arranged, in use, to instruct a

computer to perform any method disclosed herein.
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MMSE linear equalisers for MIMO transceivers with signature sequences constructed
using scrambling and channelization codes are disclosed. Furthermore, a system
model for the HSDPA MIMO transceivers which use signature sequences

constructed using channelization and scrambling codes is discussed herein.

The System Value (SV) based rate allocation process may be used to allocate equal
energy, equal SNR and equal rate for HSDPA MIMO downlink transmissions for a
single user case. In the downlink transmission both the channelization and the
scrambling codes are considered. Although the rate allocations may be based on the
extended System Value calculations, known covariance matrix calculations may not

be applicable to the system value calculations disclosed herein.

Covariance matrix calculations are disclosed herein to deal with spreading

sequences which incorporate both channelization and scrambling codes.

A MIMO transmitter and receiver and multiple spreading sequences when operating
with spreading sequences which change every symbol period when transmitting over

frequency selective channels is disclosed.

A method for data transmission for a mobile radio system having a single input and

single output channel or a plurality of Mulitple-Input-Multiple-Output channels with a

total number of N, transmit and N, receive antennas where N, is the minimum of
N, and N, over which data is transmitted, data is represented by a plurality of data
symbols, data symbols being spread prior to transmission by a plurality of spreading
sequences. The method comprises determining a system value A, for each
signature sequence k of plurality of signature sequences N _K, wherein the total

number K of orthogonal signature sequences is the base number for spreading
sequences and the system value /A, is indicative of a signal-to-noise ratio of the
associated signature sequence constructed using a combination of channelizing and

scrambling sequences wherein the method determines the number K™ of signature

sequences to be used for spreading the data symbols in accordance with the system
values A, associated with a plurality of signature sequences N _K wherein the
number of signature sequences selected corresponds to the determined number of
signature sequences K~ and spreading the data symbols using the selected

signature sequences matrix S wherein the selected number spreading sequences
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are used to spread data symbols to be transmitted over a subset of transmitter

antennas selected from &, transmitter antennas if N_ is equal to N, alternatively
the number of selected signature sequences are transmitted from A, transmitter
antennas and at the receiver the system values A, associated with a plurality of
signature sequences N K are used to select a group of N_ receiver antennas out of

N

A

N, receiver antennas if N_is equal to N,, the signals at the output of MIMO
N,

»

receivers are combined to maximize the total signal to noise ratio and hence the total

transmission data rate.

A number of non-deterministic channelization sequences, each with a set of
scrambling sequences, may be into the detection methods, where the system values
A, associated with a plurality of signature sequences N _K are used to produce a
measurement method. This System Value (SV) based measurement method
provides improvements to the HSDPA throughput without requiring any significant
changes to current operational HSDPA systems. The proposed method uses the
System Value based measurement method to select a sub-set of MIMO receiver and

transmitter antennas to achieve throughput improvement.

A system model for the High Speed Downlink Packet Access (HSDPA) system when
using spreading sequences which change at every symbol period is disclosed. This
simplifies the system implementation for the HSDPA down link operations which can

be described using the system model for the HSDPA downlink transmission for

known systems under the assumption that N, =N,. All N, K spreading sequences

are used to transmit data from N, downlink antennas to N, receiver antennas at a

single user receiver.

Initially, the signature sequences may be constructed by combining the scrambling
and the channelization codes. These signature sequences may be used to generate

transmitted chip sequences for a given number of QAM symbols transmitted over

KN parallel channels. In the MIMO system, a total of N, MIMO receiver antennas

may be considered and N may be the processing gain of the spreading sequence.
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Channelization codes may be generated using Hadamard OVSF codes as specified
by the 3GPP standardization organization. For a spreading sequence processing

gain, N, the total number of Hadamard codes is NV, the signature sequence matrix

S, has the dimension SSS=[§SS’1,---§ “ESS,NJ e C"™". The channelization

S5 ss,k >

spreading sequence vector s, € C" has the property:

A total of K channelization codes S, , = lﬁch,p‘“Sch,ka“‘ﬁch,KJ eCY*  for K<N

can be extracted from the channelization codes S . C defines the two dimensional

complex space with dimension sizes given as the superscript values. The spreading

sequences may be real instead of complex ones.

The number of channelization spreading sequences may be increased to N K and

the length of each spreading sequence may be increased to NN by using the

precoding matrix of W = lyl,---,m Wy Je C" . The precoding vectors have

Ty

the property:

A total of N K channelization codes are generated using a precoding matrix to

produce an extended channelization signature sequence matrix:
_ _ NNxN K
Sch,W - (W ® Sch,K ) - [ﬁwch,l’ o Ewch,k >t Ewch,K ] € C S

Scrambling sequences may be generated using a long binary sequence of m-

sequences or any other data sequence with very low autocorrelation sidelobes. In
this part of the system modeling, m-sequences of length 2'° -1 and 2" =1 may be

used to construct scrambling sequences. The m-sequence vector

n =[ms(l),---,ms(l),---,ms(zm—l)]resz’1 elements are m,(/)efr1} The

—_
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scrambling sequences are used to generate scrambling sequence matrix

S, =|s. (@)ws.(phors. (WO +2)] € )

number and N is the total number of symbols to be transmitted over each

. where p symbol period epoch

channelization code. Each scrambling sequence vector
—_SC

s (P):[Ssc,l(/?),"‘Ssc,n(P),"'Ssc,N(P)]T may have complex elements constructed

using the m-sequence elements:

_m (o= DN +n)+ jm 25 +(o-1)N +n)

Seen(P)= NG .

The size of the scrambling code matrix may be increased using the following

operation:
... = ldiaglt,, J®s, )

N NX(N(X)+2)

=[5 05, ()5, (VO +2)leC

For each symbol period a signature sequence matrix may be generated as:
S(p) = diag(ﬁwsc (p))sch,W .

The signature sequence matrix S(p) for p=l,---,N(") may be concatenated to

generate the extended signature sequence matrix as:

S = [S(])) RN S(p)} e S(N(x)) c CNtNXKNsN(x)

For each channelization code a signature sequence matrix may be generated for

different symbol periods as follows:

S, = dmg(ﬁwch,k)swsc = [ﬁk(l)""ﬁk(/o)a'”ﬁk (N(x)) € CN[NXN(X)fork =1,-,NK.

The transmitted chip sequence matrix for different symbol periods may be generated

using:
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Z= [8(2)7--->S(p)7...S(N(x) +1) . CNtNstKN(’“).
and

x
N[NXNSKN( )

z,,=[80)5(p)s(v)]ec
and also

N NxN vl
S

Z,,=[86)-.8(p)--s(N¥+2)|e C

p+l

The transmitted spreading sequence matrix may be incorporated with a novel
covariance matrix calculation method to obtain the inverse of the covariance matrix.
The covariance matrix inversion may involve the use of transmission spreading

sequence matrices Z, Z , and Z ,, and their covariance matrices. The spreading

+1

sequence matrices may be available at the transmitter and receiver in advance of
transmitting blocks of symbols. The use of preset transmission spreading sequence
covariance matrix eliminates the requirement to use computationally intensive matrix

calculations and inversions at the receiver each time a block of data is received.

The matrix inversion scheme disclosed herein can be incorporated with a symbol
level MMSE receiver equalizer operating with short blocks of transmission symbols.
The covariance matrix inversions and also the receiver equalizer designs may
involve the use of link level MIMO receiver modeling. In the link level MIMO
modelling of the received signals, the spread transmitted symbols may be allocated

equal transmission energies with the transmission energy constraint that the total

transmission energy per symbol period is [/, and each spreading sequence may be

allocated equal energy such that £, = ]57}{ for k=1,--NK.

5

A process is disclosed herein based on the principle of utilizing a system value to
determine which data rates should be allocated to increase the achievable data rates

when spreading the transmitted symbols.

A symbol level equalizer may be followed by a successive interference cancellation
scheme. Also, a method to use a constrained power level at the transmitter of the
HSDPA downlink to adjust the transmission data rates for different groups of
spreading sequences when using the proposed System Value and a measurement

method and the simplified covariance matrix calculation and inversion is disclosed.
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A novel method of calculating transmission data rates for different groups of
transmission spreading sequences is disclosed that provides a total transmission

data rate close to the theoretical upper bound.

Systems disclosed herein allocate Discrete Data Rates to maximize the total rate
using System Values. Providing multiplexing versus diversity gain trade off when

selecting a sub-set of receiver antennas from a large set.

Brief Description of the Drawings
Exemplary embodiments of the invention shall now be described with reference to

the drawings in which:

Figure 1 provides a schematic illustration of an HSDPA MIMO transmitter and
receiver arrangement; and
Figure 2 provides a schematic illustration of a Successive Interference

Cancelling receiver.

Throughout the description and the drawings, like reference numerals refer to like
parts.

Specific Description
Figure 1 shows a multi-code CDMA downlink system . The system has a total of N,

and N, transmitter and receiver antennas and also N _K spreading sequences,

where N =N, is taken for this specific example, each of which is realizable with a

bit rate of bpk bits per symbol from a set of bit rates, {bpk }ﬁkl, for a given total

transmission energy £, and p=1,2,---,P. The basic principle of operation of this

system is that by excluding the weak channels corresponding to a specific set of

spreading sequences, the number of parallel transmission channels is reduced to

N,K spreading sequences to transmit a symbol per channel. The data for the
intended symbol for each channel is placed in an (&, x1)-dimensional vector u, for

k=1,...,NK.
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The system shall now be described in detail.

In Figure 1, a transmitter 100 receives input vectors of u, for k=1,...,N,K . The

input vectors represent input data to be transmitted by the transmitter 100. This
input data is then input into encoding unit 101. Each of these data packets is then
channel encoded by the encoding unit 101 to produce a (B x1)-dimensional vector

d,. The encoded data d, for k=1,---,N,K produced by the encoding unit 101 is

then processed by the adaptive modulation and coding unit 102 to transform the
encoded data into symbol vectors using a quadrature amplitude modulation scheme

(QAM) with M constellations to transmit data at a rate b =1og,M bits per symbol.

. N, . . .
The channel encoder rate is »_, = ?U and the realizable discrete rates are given by

code

b,= TI,4log,M for p=1,--,P where P is the number of available discrete data

rates.

Data is transmitted in packets at a transmission-time-interval (777 ) and the number

of symbols transmitted per packet is denoted as N where N©) -7 and N is

4

the spreading sequence length, 7' is the chip period and NI, is the symbol period.
The modulation and coding unit 102 transforms the encoded data into the (N(") x1)-
dimensional symbol vector x, =[xk(l),---,xk(p),---,xk(N(x))]T for each channel
k=1,...,N, K. The entire block of transmission can be represented as an

(N(x) x N ,K) dimensional transmit symbol matrix defined as:

X: kla"'alka"'athK]

= [0 pp)y WO

The transmitted vector X(p)zlyl(p),---,yk(p),---,yK (p)JT contains the symbols,

over the symbol period p=l,---,N(") with the wunit average energy

2

25



WO 2014/207459 PCT/GB2014/051937

Ely,(p)yi(p)|=1 for k=1,...,N,K where y(p) is the complex conjugate of the

symbol y,(p).

The transmission symbol energies are then adjusted using the power control unit

103. Power allocation is performed on the symbols before spreading. The energies

for  all N, K channels are stored in an amplitude matrix

A=diag(,/El,---,1/Ek,---, /ENtK) subject to the total energy [, such that

K
" E =E,.

The energy weighted data symbols are then transformed into a transmit vector using

the vector generation unit 104. After assigning energies, the amplitude weighted

symbols are spread in the spreading unit 105 by a plurality of N x N,K dimensional

. NxN K
spreading sequences S (p)= [gn S koS, NK]eC e for n,=1,---,N, where
t [ [ [

C defines the two dimensional complex space with dimension sizes gives as the

superscript  values. the signature matrices are generated from
_ar T T ; — ()
S(,o)—[S1 (o) S, (p) SNt(p)]T. At every symbol period p=1,---,N* the

length N transmit chip vector:

E(P) - i%S(P)X(P)E C""for p= 2’...’(N(x) +1)

t

is generated at the input of nfh antenna unit for n, =1,---, N, where X(p)e c'* s

the transmitted signal symbol vector for the p” symbol period. The transmitted chip

vector for the previous (p’h —l) symbol period is:

E
2p-1)= |2=S(p-y(p-1)eC™

The transmitted chip vector for the next (p’h +l) symbol period is:
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2lp+1)= | =ES(p+ (o +1)e

t

The spread signals are next filtered using the pulse shaping filter 106 to produce

transmission signals for transmission from the MIMO transmitters 1073,

107b,...107 N,.

The signal is then transmitted from the transmitter to a receiver 200 across a
channel. Since characteristics of the channel affect the received signal it is
necessary to model the channel in order for the transmitted signal to be derived from
the received signal. The modelling of the channel shall firstly be discussed before

considering how the received signal is then dealt with.

At each TTI, the transmission procedure described above is used to transmit the pilot

signals which are used in order to estimate the channel condition at each receiver to

calculate the data rate 5,, to be transmitted over the k™ channel. The rate is

calculated at the receiver and is fedback to the transmitter. It is assumed that the
channel condition does not change for that TTI. All symbols in a block of length N®

in all spread sequence channels when transmitted from the nfh transmitter antenna

th
>

to the n' receiver antenna experience the same channel condition in a multipath

environment with L resolvable paths. This channel condition [ACCEPTED] can be
represented by a channel impulse response function A" =|p"" ... h"" )]T

corresponding ((N+L—1)><N)-dimensional channel convolution matrix H""" can

be represented as follows:

A0 0
. (n ,nl) .
hy"
(n, n) . .

g = h : . 0

O h(nr’nl) h(nr’nl) :
L-1 0
(n,.n,)

L 0 0 b
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The overall (N (N +L—1)xN,N)-dimensional MIMO channel convolution matrix
can be formed as:

(LN)

HYY ... H

N (N+L-1)xN N
eC A ¥y .

H:

(N1 (N_.,N.)

Hr ,,,Hrt

where [ is the transmission channel impulse response length. The channel matrix

for the previous symbol period is:

H1 _ (IN ® (JTY )H c CNr (N +L-1)xN,N

The channel matrix for the next symbol period is:
H, - (IN ®JN)H e CNr(N+L—1)><NtN

The (N+L-1)x(N +L-1)-dimensional matrix, i.e. the amount by which one

. . Q(TN+L—2) 0
symbol affects the next symbol, is defined as J,,, , = . For

I(N+L—2) Q(N+L—2)
simplicity the subscript will be dropped from the J matrix notation. When the matrix
J" operates on a column vector, it downshifts the column by N chips filling the top

of the column with N zeros. J is therefore used to convert H to H; and H..

Now that the channel has been defined we shall return to the description of Figure 1

and specifically examine the processes carried out at the receiver 200.

The transmitted pilot signal is then received at the receiver 200 by the MIMO
receivers 201a, 201b, ...201 N,. The received signal long chip vectorr,,,, (p) which
is the signal received at the receiver 200 has been affected by the channel and
therefore does not directly correspond to the signal that was transmitted. It is

therefore necessary to determine the signal that was transmitted by processing the

received signal accordingly, as will now be discussed.
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Assuming the clocks at the transmitter and receiver are fully synchronized, the
received signal is then frequency down converted, filtered and sampled as chip

period intervals by the chip matched filter unit 202. The received signal long chip

N (N+L-1 . .
vector r,,.(p)e C A s received as:

where n(p)e C*"*™ is the noise vector at the output of the receiver chip matched

filter.

From the received signal Long(p) the received long signal matrix

R c CNr (N+L—1)><N(x)

Jong produced as follows:

Rlong = [Kgong (1), 5 F g (P), “F tong (N(x))]e CN, (N+L—1)xN(x)

The received long signal matrix is obtained in order to increase the processing
efficiency.

Using a simplified covariance matrix inversion method and also with a minimum
mean square error equalizer implementation, the signal that was transmitted can be

obtained from the received long signal matrix, as shall now be described.

Firstly, the derivation of a covariance matrix used to map the long vector r,, . (p) at
the output of the chip matched filter unit 202 to produce the short vector I_"Shm(p) at
the output of the vector mapping unit 203 shall be considered. At the receiver chip

matched filter output the long vector (p)eCr has dimension

K/ong

N, (N+L—l) and to depsread the received vector all the interferences from the
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N+L-ANN,N

multipath MIMO channels H e CN’( must be minimized by multiplying H at

NNxN, (N+L-1)

the receiver with the vector mapping matrix (C’IHCH)H eC with the

N, NxN,.N

dimension such that the multiplication (C’IHCH)HHG C has the dimension

N,N xN,N and its diagonal terms are unity. Here

C= E(Klong (P tong (p)H)e CMr W DN e the covaraince matrix of the received

NNthN

long vector (p)eC ™V The matrix C,eC" is the amplitude

K/ong

normalization matrix. The non-diagonal terms of (C’IHCHYIH identify the residual
interferences between specific transmitter and receiver antennas. When multiplying

the long vector (p)e cWH ) with  the vector mapping  matrix

K/ong

CN[Ner (N+L-1)

at the receiver the short r (p)e ¢ is produced

Z_short

(c'mC,) <
using .. (p)= (C’IHCn)HQMg (p)e C"" . The resultant short vector r, ., (p)e C""

is the best estimate of the transmitted chip vector g(p)eCN’N produced by the

MMSE equalization unit at the receiver. An estimate of the transmitted symbol is

obtained at the receiver by descrambling the received r,,, (p)e C"*" vector with the

scrambling sequence and then despreading it using the channelization signature

sequence for a specific channel.

The received signal’s covariance matrix averaged over a given number of symbols,
corresponding to a given block length of the symbols observed in the demodulation

process, is calculated using the following formulation:

C = Elpi ()" (0)) e G000

Equation 1

ET

= W[HZZHHH +H,Z, 2" H +H,Z 2] H] +
t

N,N,KNY j
T N

T

In the above equation during the averaging process the channel matrices H,

H, and H, are taken to be constant as the channels are considered to be stationary

during one TTI period. The identity matrix I, (,,, ;) is used to deal with noise
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covariance matrix which has noise power spectral density of N,. The averaging will
be taken by using the term which changes from symbol to symbol when observing
the long vector r,,,, (p) € CNr(N*H). As the only term which changes from symbol to
symbol is the scrambling sequence combined with the channelization spreading

sequence, the received signal vector r,,,. (p)e CNr(N*H) and its complex conjugate
transpose vector KzongH (p) will be averaged. The averaging process involves

multiplying r,,,.(p) with r,,.” (o) resulting in the following relationship:

2

rlong p)

p=1

This averaging process involves the calculation of covariance matrices for every

symbol period and summing it over N© symbol periods and dividing the result by

N®_ As the matrix calculation iong (P)KzongH (p) involves the use of transmitted chip

vectors z(p)z" (p), z(p-1)z"(p—1) and z(p +1)z" (p +1) in the following form:

As the matrix summations in the above equation are expressed as
)

3 H E H ™ H £,
— T i . _
p_lz(p)z (p)= 2 ane p_lg(p )z (p-1)= S DI
N i
7 __Zr H
p_lg(erl)g (p+1)_N1K ZpuLp the received signal covariance calculations

: : : : : 77"
involve the use of trasnmitted signature sequence covariance matrices and

H H
Z,.Z . Z z Z
pA™pl and also “P17P*1 where signature sequence © and “ 4! and also "t
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. . . . . . 7"
matrices are defined earlier. In the covariance matrix calculations the terms and

H H
Z . Z Z
sLand also “"#" are the conlex conjugate transposes of and "~ and also

s+l matrices respectively. In equation (6) the received signal covariance matrix
: : 77" Z 7" Z 7"
calculations matrices and P17, and also TPTetl are the most

)
computationally heavy calculations as the number of columns N.EN of matrices

(x) (x) (x)
NtNxN KN NtNxN KN NtNxN KN
ZeC and 1€C and Z,. ¢ C is proportional to the

()

number of symbols N over which that averaging is performed. However, as both
the transmitter and receiver know over which symbol period which scramling and

chanelization signature sequences are used for transmission for a given number of

. . . 77" Z 77,
symbol observation periods the covrainces matrices and 21 and also

H
2, Ly can be calculated in advance at the transmitter and receiver and may be

used in conjunction with Equation 1 to calculate the covariance matrix

N
N(x ; foﬂg fo”g p) when the channel matrices H. H,andH, are

estimated at the MIMO receivers using the transmitted pilot signals.

By using a given number of symbols NS(’“) which 1< NS(’“) < N(’“), the minimum mean

>

square error equalizer can be implemented for different periods of covariance matrix

(x)
averaging. There will be a total of N( o) different epochs with each epoch having its

S

()
covariance matrix C(é) for the epoch number & =l,---,%§ . Keeping NS(’“) low

gives a covariance matrix which is a better representative of the signature sequence
over a shorter period, however, this results in a higher computational complexity at
the receiver. A compromise between the computational complexity and the averaging
period of the covariance matrix calculations over a shorter number of symbols will

need to be made. The most computationally heavy matrix multiplication involved in
calculating the covariance matrix C is the calculation of matrices ZZ” and
ZH

p+l-

Z, ZH _, and also Z If the covariance matrix averaging is undertaken for

p+l

different number of symbol periods N S(x), as both the transmitter and receiver know
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the transmission signature sequence matrices Z, Z , and also Z , at the receiver

X ( ) < (x)
the matrix dimensions can be fixed to be Z € C™*" Vi and Z, e C'NEST and
NN kN . - . . (x)
also Z,,eC " "+ | if the average covariance matrix is estimated using N,

v
symbol periods. Once the the dimensions CY VNS are fixed for the transmission

signature sequence matrices Z, Z, , and also Z ,, covariance matrices

ZEZ" (), Z,.,(E)2" (&) and Z (& )Z7,,(£) for the signature sequence matrices

p+l
for the £” observation epoch can be calculated in advance to produce the averaged

covariance matrix C(¢) using:

E R 0 (e it (v o NoNVKNE
C(é):m{HZ(é)Z (é)H +H1Zp71(§)prl(§)Hl +H2Zp+l(§)Zp+l(§)H2 +0[—INr(N+L1)j
Equation 2
N®

for observation periods & =l,---,W. It is also assumed that for the averaging

S

process the channel matrices H, H, and H, are produced at the start of every TTI

period and are assumed to be stationary for the duration of TTI period.

The covariance matrix of Equation 2 is then used to map the long vector r,,, (p) at

the output of the chip matched filter unit 202 to produce the short vector Kshm(/?) at

the output of the vector mapping unit 203, as will now be discussed.

A minimum mean square error (MMSE) equalizer is firstly used to reduce the length
N, (N +L~-1) of the long received signal vector r,, (p)eC" A 4o size a NN
vector and and also to de-scramble the shortened vector elements to produce the

short  received  vector I_"Shm(p)e c". A vector mapping  matrix

N,NxN_(N+L-1)

(C’lHCn) eC™ with the dimension N,NxN,(N+L—1) is used to
shorten the vector r,,, (p)e CNr(N*H) to size a N,N vector to produce the short
received vector rshm( )e C"" . For the receiver signal amplitude normalization the

. . . . N NxN.N .
chip sequence normalization matrix C, € C'* " is generated as follows:
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CHZQ%%ADMg@f%TTﬂ»ieCMMMN

The shortened and de- scrambled received signal chip vector Kshm(p)eCN’N is

produced at the output of vector mapping unit 203 using:

Zshurt (p) = (CilHCn )H Klung (p) € CN’N

In a matrix form the mapping operation between the received long matrix

1)
eszr(J\/ L-1)xN

R and the matrix (SC,LW)* are used to de-scramble the short

long

vector and produce the elements of the shortened received signal matrix

)
R, <C"" s given as

short
R = (S ch ¥ )* [Kshon (1): S short (P ), S ghore (N (x))]

-6 (e ne ) v,

The shorted received signal vector I_"Shm(p) is used together with the channelization

codes to estimate the received symbol vector by the despreading unit 204 using the
relationship

Ip)=85, (Diag(s,,.(p))" £y (p)

SRR ) Soly

The estimated data sequences are then reorganized to produce the estimated data
for each spreading sequence using the receiver mapping unit 205 and the decision
unit 206.

Each of the above mentioned units of the transmitter and receiver apart from the

actual MIMO transmitters 107a, 107b, ....... , 107N, and receivers 201a,

201b,........ 201 N, are implemented in software.

Above, the operation of the system for determining the transmitted signal from the

received signal has been discussed. Now the determination of the data rate for
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transmission using a system value based method shall be discussed. The following
procedure may be used in combination with the above process or with other

processes.

Firstly, the system value calculation shall be defined for a system in which signature
sequences are assigned on a symbol-by-symbol basis. Then, use of the System
Value in order to determine which sub-set of transmit and receive antenna groups
should be used when a large group of transmit and receive antennas are available

shall be discussed.

It will be appreciated that by determining the System Values in the above mentioned
data transmission apparatus the overall data rate achievable by the system can be

improved.

The system value is a variable which is indicative of the characteristics of the channel
over which data is transmitted. The system value is the normalized signal energy at
the output of the despreading unit. The difference between normalized total energy of
unity and the system value gives the mean square error at the output of the
despreading unit. The ratio of the normalized energy, the system value, to the mean

square error gives the signal to noise ratio at the output of the despreading unit.

The mean square error ¢, for the k" symbol is:

1
7, +1

&, = K3, (0)- (o) ). ——=1-2,

where y, is the signal-to-noise ratio for the k" symbol and E(o) identifies the

expectation operation. The system value A, =1-¢, is related to the signal-to-

interference-noise ratio by:

A
1- 1,

Vi T

A modified version of the System Value optimization criterion is used to maximize the

total rate when transmitting with spreading sequences which change every symbol

35



WO 2014/207459 PCT/GB2014/051937

period. In current HSDPA standards the spreading sequence is changed every
symbol period. The MMSE receivers can be configured to achieve average SNRs,
which are equal at their output, when using equal energy transmission allocation
based on the system value measurements. As the equal SNR scheme only requires
equal rates to be allocated at the transmitter, the data rates can be estimated at the
receiver when the transmission channel impulse response is available at the
receiver. As groups of channels use the same transmitter data rate for each channel,
the receiver only needs to report a reduced number of data rates to the transmitter by
using the System Value calculations.

The System Value formulation involves the use of interference matrix for the current

symbol defined as:
D=C” H'C'H- diag(C” H"C'H)

The channel impulse response H is converted to the residual channel interference

N NxN N

t
matrix DeC , which is a square matrix for more efficient processing. In

particular, as will be seen, by converting the channel impulse response H to matrix D

later processing steps are optimised.

c CNtNer (N+L-1)

Here when the matrix C¥ H”C™ is multiplied with the channel matrix

><N[N

H the resultant matrix C7 H'C'H <C"" is a square matrix with diagonal

elements equal to unity. When the diagonal terms diag(CnH HHC’IH) are subtracted

from C7 H”C'H the resultant matrix D identifies the Multiple Access Interference
(MAI) between chip elements of the transmitted chip sequences. Hence the matrix

c CNtNer (N+L-1)

cru’c is multiplied with any matrix it changes the number of

rows from N,(N+L—1) to N,N.

When the transmission signal chip vector g(p)eCN’N is multiplied with the matrix

NNthN

DeC* the resultant vector z,,,, (p)e C™" identifies the residual interference

for each chip before despreading as follows:

2y ()= Diag(s,,..(0))" Dz(p)
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When the vector z,,, (p) is de-spread using the channelization spreading sequence

at the output of the k” despreading unit, the error signal due to the multiple access

interference is given as:

gMAI,k = §f (P)DZ(P)

Equation 3

N NxN (N+L-1)
¥

The matrix C/ H’C'eC™ can also be used to change the number of

rows of the intersymbol interference matrix H, for the previous symbol period from

N NxN.N

N,(N+L—1) to N,N to produce the interference matrix D, eC for the

intersymbol interference from the previous symbols as follows:

D, = (Cf HHC’I(IN, ®(JT)N)H)

=(c” m"c'H,)eC" "

When the transmission signal chip vector g(p—l)e c'" is multiplied with the matrix

D, the resultant vector glw(p)e C"" identifies the residual IS interference from

the previous symbols as follows for each chip before despreading:

Zisra (P) - Diag(gwsc (p))H DlZ(p - 1)

When the vector Zzsz,l(/’) is de-spread using the channelization spreading sequence

at the output of the k" despreading unit, the error signal due to the previous symbol

intersymbol interference is given as:

Srst 1k (P) = §kH (P)Dlé(p - 1)

Equation 4

The interference matrix for the intersymbol interference from the next symbols is also

given in the following form:
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D, =(c/ n'c'i, ®4" )

=(c”m"c'n,)

When the transmission signal chip vector g(p-i—l)e ¢ is multiplied with the matrix

D, the resultant vector z,, (p)e C"" identifies the residual interference vector for

the next symbol period intersymbol interference as follows for each chip before

despreading:

Zisi2 (p) = Dmg(&m (p))H D, Z(P + l)

When the vector z g , (p) is de-spread using the channelization spreading sequence

at the output of the k" despreading unit, the error signal due to the next symbol

intersymbol interference is given as:

st ok (p) = §kH (p)Dz Z(P + 1)

Equation 5

N NxN (N+L-1 . .
eC'” PV at the receiver, the noise vector

When using the matrix C7 H”C™
N (N+L-1) . . .
Q(p)e Ccr at the output of chip matched filters is also converted to the short

noise vector n (p)e ¢ by the following operation:

—short

Qshorl (p) - Diag(gwsc (p))H CnH HHC?l E(p)

at the output of the de-scrambling unit. When the noise vector is de-spread with the
channelization spreading sequence the noise signal at the output of the

channelization despreading unit is given as:

£ (P)= 57 (P)CT HC ' 1(p)

Equation 6
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The error signal ¢, for the k™ channelization despreading unit due to Multiple Access

Interference and the Inter Symbol Interferences (ISI) from the previous and next

symbols and also the noise component is obtained by adding the error signals (3) ,

(4), (5), (6) to produce the error at the output of the de-spreading filter for the k"

channel as follows:

& = §MAI,k + ngl,l,k (P) + 5151,2,1( (p) + gnoise,k (p)

= 5/ (p)Dz(p)+ D,z(p 1)+ D,z(p +1)+ C H'C'n(p))
The Mean-Square-Error due to the MAI interference for the signal at the output of the
de-spreader for the k" channel is given as:
Epark — E(gMAI Ennr ) = ﬁETﬁ_) Trace(SfDZZHDHSk )
’ ’ ’ KN NYN¥

Equation 7

where E(-) refers to the expectation operation. Here the covariance matrix ZZ" is
the signature sequence matrix S, is the signature sequence matrix for channel k.

The Mean-Square-Error due to the Inter-Symbol-Interference from the previous

symbol is given as:

. E
IRV E( IS, Lk (p)gl.?[,l,k (p)) = W Trace(SkHDlsz{—IZ ple{{Sk )

Equation 8

The Mean-Square-Error due to the Inter-Symbol-Interference from the next symbol is

given as:

. E
Crrar = E( ST 2k (p)§[S[,2,k (p)) = W Trace(SkHDzzgﬂzpﬂDfsk )

Equation 9
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DN (N+L-1)

(
The following noise vector despreading matrix B e c” matrix is formulated

as follows:

v (V+L-1)

B=sc? H’c'eC”

to calculate the Mean-Square-Error due to noise as follows:

s = s (Wi (0) = < Trace(BB”)

Equation 10

The normalized Mean-Square-Error due to multiple access interference, previous
symbol and next symbol ISIs and also noise is obtained by adding equations (7), (8),

(9) and (10 in the following form:

& = E(gkgk*): Epparr TEs11x TEI120 T Evise
_ E; hi HyH
_WTrace(Sk DZZ"D Sk)
— L Trace(siDZ 2, DI'S,)
+NKNx)Nx) race k1 p- 1" p-1771 Mk
t
— L Trace(siD 27,2, DS,
+NK]V x)Nx) race k2 pr 1™ p172 Mk
t
+ %Tmce(BBH )

Hence the System Value, averaged over N(")symbol period using spreading

sequences, which change symbol by symbol basis is:
A =1-¢,

oL
NtKN(x) N&

Tmce(SfDZZHDHSk)

ET H H H
- Tmce(S DZ° 7Z D S)
N.KN® NG BT TR
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ET H H H
- Tmce(S D,Z 7 .D S)
N.KN® NG BT e R

- %’3 T mce(BBH )

Now that it can be seen how the System Value for use in a system that applies
signature sequences on a symbol-by-symbol basis has been described the
determination of the data rate based on the determined System Value shall be

considered.

The following procedure is based on the principle that the number N, of transmitter
antennas is less than the number N, of receiver antennas. The spatial multiplexing

N

»

number N_ is hence equal to N, At the MIMO receivers, a total of
N

transceivers can be used independently. Each MIMO receiver has a different channel
matrix H that is uniquely associated with the MIMO transmitter and receiver
antennas belonging to the sub-set of the receiver antennas selected from the full set

of receiver antennas.

At a given MIMO transmitter-receiver antenna combination, the transmission
scrambling and channelization spreading sequences are known to both the

transmitter and receiver. Before the packets are transmitted from the transmitter to

the receiver, the transmission packet duration is expressed using the number N of

()
symbols transmitted in a given packet. Hence at the receiver % different sub-
N
packets, with an epoch number & = IW may be formed each with a packet

length N, s("). At the receiver the signature sequence covariance matrices Z(af )ZH (af )

Z, ()27 (¢) and Z,,(£)2" (£) are calculated in advance for the signature

p+l

sequence matrices and the £” observation epoch and for the equal energy
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T

allocation f, = to produce the covariance matrix C(g) averaged over a total of

t

NS(") symbol periods using:

c(e) L[Hz@)zf W +MZ, ()27 (N + M,z ()2 ()R +

B N,N,KN®
- NKN® N (Vo)

T

Equation 11

(x)
for observation epochs & = IW Using the covariance matrix C(g) for epoch

A

&, the interference matrices averaged over N s(") symbol periods may be calculated

using:
C, (€)= (Diag(Diag(n”c (¢ )n)))"
Equation 12
D(¢)=Cl/ () H"C™ ()N - diag(C] ) n"C™(¢)n)
and
D,()=(C! Em"c(@m,)
and also

D,(¢)=(C” () C'(¢)H,)

and also the noise matrix

B()=8/(¢)C) (€)H"C¢)
The System Value for the £” epoch and the k" channel is then given by:

)“k(g): 1_3k(§)
Equation 13
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N,
- W% 7i mce(B(é B (£ ))

If the number NS(") of symbols is a small number, the System Value Ak(af) for each
channel for epoch & will be almost identical for each group of K signature
sequences out of N, different groups of streams. Hence, the streams will have the

following System Values.

2,(€) forl < k < K and the stream numbern_ =1
Ara (af) forK +1< k < 2K and the stream numbern_ =2
2(6)= Mo )1 &) for(n, —1)K +1< k < n K and the stream number 7,
A(Nfl)KH (af) for(N .= l)K + 1<k < N,Kand the stream number n, = N,

On this basis, the discrete data rate for each stream is allocated as follows. For the

set of bit rates {bp}’;zl, the corresponding target system value is determined

according to the following equation:

[&L = Lb_l)forp =1,.,P

1-T(27 -1)

For the stream group number n_  find bp(ns) that  satisfies
[I]p Sﬂ'(ns—l)K+l(§)<[&*]p+l. This determines the symbol rate allocation for stream
group 7, . In the receiver implementation, the stream with the largest system value

A, 71)K+1(§)—[I]p. is selected.  Symbol rates are allocated by finding the b, value

that satisfies the equation [I]p <A, 71)1<+1(§)< [A7]

prl”

Wp)=8, (Diag(s,..(p))" r g (p)

Equation 14

for the symbols received during epoch £. From the estimated signal's vector )_7(p)

the received signal matrix X is generated as follows:
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K=&, 80 2] = [P0+, 300D+ (0)}

Equation 15

From the estimated signals matrix X the decision matrix X,, channel decoders is

generated in the following form:

X, = lﬁl,Da"':Ek,Da"'aIK,DJ
Equation 16

and

Xip T [xk,D (l), XD (P), XD (N(X))]T

The system values can be used to implement sucessive interference cancellation

receiver as shall now be described.

In the successive interference cancellation receiver implementation, the estimated

symbols for the stream group with the largest value of 4, 71)K+1(§)—[I]p are

considered. The channel decoders are used to decide which symbols are detected

(x)
correctly for epochs & = IW If up to n_ channels are detected correctly in the

stream, the channel numbers k,,---,k  are identified for the channels which have all

the symbols detected correctly for p=l,---,N("). The signature sequence
covariance matrices Z(¢)Z7(¢), Z, (¢)Z"” ,(¢) are updated and Z,,(£)2”,(£)

p-1 p+l

using:

Z(E" (€)= 2E " €)- 35,081 €)

k=k;

) )
where S, (£)= M(g R kb +1}...§k£(§ R pﬂ and
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Z, (2 (©)=2, )27 ()-S5, o8I 0(E)

k:k1

() ()
wnere S,0,6)= 8 €027 | (601

A

Zp+l(§ )Zf+ (f) =Z,, (§ )Zfﬂ (f)— szk,(pﬂ)(g )SkH,(erl)(g)

k=ky

) (x)
where S, .= {gk [(af - l)N—)+ 2},--@,{[(&5 —l)%-‘r p +lﬂ for the updated

A

signature sequence matrices, the received signal covariance matrix C(g) and C, (af )

are calculated using Equations 11 and 12 . The received long matrix R, is

iteratively updated for the correctly detected symbol sequences in the channels
updated using:

k
Rlong - Rlong _Ek Z(I)k

k:k1

Equation 16

i O e (0 i (V)

where

®, = [p, ()-8, (o) 9, V)
Equation 17

with

¢ (0)=[Hs,(p)x, ,(0)+H,s,(0—1)x, ,(p 1)+ H,5, (0 +1)x, , (0 +1)]

after updating the receiver long matrix using Equation 16 the vector for the estimated
symbols are generated using Equation 14 The successive interference cancellation is

iteratively run for the remaining data streams in the order with the highest remaining

values of nsfl)KH(é)—[I]p .
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A Successive Interference Cancellation (SIC) receiver shall now be described with
reference to Figure 2. The SIC receiver uses the System Value discrete rate
allocation scheme just described. In Figure 2, the signal transmitted from MIMO

transmitter, as shown in Figure 1, is received at the receiver 300 by the MIMO
antennas 301a, 301b, ........ 301 N,. Assuming the clocks at the transmitter and

receiver are fully synchronized, the received signal is then frequency down

converted, filtered and sampled at chip period intervals by the chip matched filter unit

302. The received signal long chip vector Qong(p)e CN’(MH) is concatenated to

produce the long received signal matrix R by the concatenation unit 303. The

long
successive interference cancellation matrix handling unit 304, processes the long

received matrix R, ~to remove signals iteratively using Equation 16 and the signal

long

removal matrix @, given in Equation 17 The generation of the signal removal matrix
@, is handled by units 304, 305 and 307. The estimated signal vector generator unit

305 handles the generation of Z(p) using Equation 14 and produces the estimated

signals matrix X using Equation 15 The decision unit 307 produces the decisions
matrix X, given in Equation 16 using the estimated symbols matrix X . The
decisions matrix X,, is passed to the unit 304 to produce the removal matrix ®,

using Equation 17 and hence the long received matrix R for the iterative SIC

long

operations. The estimated symbols matrix X is also passed from unit 305 to produce

the estimated symbols vector Z(p). The binary data unit 308 takes the symbol
decision matrix X, from unit 307 and produces the (N, x1)-dimensional binary

decisions vector u, ,.

In alternative arrangement, the system values given in Equation 13 are used to

choose a subset of MIMO receiver antennas with the subset cardinality is equal to

N, if the number of receiver antennas is N, and N, = N,. In other words, if there

are more transmit antennas than reciever anternnas then the antennas to be used,
i.e. those with the best channels, can be selected for use in transmitting to the

receiver.

The system values are used to determine which subset of the receiver antennas may

be used over the epoch £ given that the number of bits to be transmitted over each
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channelization code in a stream group is already determined using the rate allocation
algorithm described above. The idea of using different set of receiver antennas is

based on the fact that System Value obtained over a given large number of symbols
N s(") will be constant for a given stream. However the System Value will vary from
channelization code to channelization code and also from symbol period to symbol
period over a short number of symbols Ns("). If the system value is low for a

channelization code for a given stream for a given subset of MIMO receiver
antennas, the system value for the same channelization code and epoch for a
different subset of MIMO receiver antennas. Hence, the System Value calculations
described above may be used to identify how different subset of MIMO receiver

antennas can be combined at the receiver.

The various methods described above may be implemented by a computer program.
The computer program may include computer code arranged to instruct a computer
to perform the functions of one or more of the various methods described above.
The computer program and/or the code for performing such methods may be
provided to an apparatus, such as a computer, on a computer readable medium or
computer program product. The computer readable medium could be, for example,
an electronic, magnetic, optical, electromagnetic, infrared, or semiconductor system,
or a propagation medium for data transmission, for example for downloading the
code over the Internet. Alternatively, the computer readable medium could take the
form of a physical computer readable medium such as semiconductor or solid state
memory, magnetic tape, a removable computer diskette, a random access memory
(RAM), a read-only memory (ROM), a rigid magnetic disc, and an optical disk, such
as a CD-ROM, CD-R/W or DVD.

An apparatus such as a computer may be configured in accordance with such code
to perform one or more processes in accordance with the various methods discussed
herein. Such an apparatus may take the form of a data processing system. Such a
data processing system may be a distributed system. For example, such a data

processing system may be distributed across a network.
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Claims:

1. A method for determining a transmitted signal received at a receiver in a radio
transmission system having a plurality of parallel single-input single-output or
multiple-input multiple-output channels over which the signal is transmitted, the signal
comprising one or more symbols, the symbols being spread prior to transmission by
a plurality of spreading sequences on a symbol-by-symbol basis every symbol period

p , the method comprising:
receiving a signal r,,,, (p)) corresponding to a signal transmitted over a

channel, wherein each symbol of the transmitted signal is spread using a respective
spreading sequence S(p);
determining an estimated channel characteristic H indicative of effects of the

channel over which the received signal r,,,, (p) has been transmitted on the

transmitted signal; and

determining the transmitted signal r (p)from the received signal r,,,, (p)in

short

accordance with the estimated channel characteristic H and the spreading

sequences used to spread the symbols.

2. The method according to claim 1, wherein the method further comprises:
determining a combined matrix Z of all spreading sequences S(p) used to
spread the symbols of the transmitted signal, and
determining a covariance matrix C and a normalization matrix C,in
accordance with:
the estimated channel characteristic H; and
a multiplication of the combined matrix of the spreading sequences Z
and the hermitian of the combined matrix of the spreading sequences Z":
wherein

the transmitted signal is determined from the received signal ri,n4(0) by
multiplying the received signal r,,,, (p)with:
the inverse of the covariance matrix C;

the hermitian of the channel matrix H ; and

the hermitian of the normalization matrix C,.
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3. The method according to claim 1 or claim 2, wherein the covariance matrix C

is defined as follows:

E
C= WEHZZHHH +H,Z, Z7 H +H,Z

t

)
ozt NN AN

INr (N+Ll)j

T

wherein [, is a total transmission energy, N, =N, is a total number of MIMO
transmission antennas, N K is a total number of spreading sequences, NY is a
total number of transmitted symbols used to calculate the covariance matrix C, N,
is a noise power spectral density, INF(MH) is an identity matrix, the previous symbol

period channel interference matrix H, is produced from the estimated channel matrix

H using:

H1 _ (IN ® (JTY )H c CNr (N +L-1)xN,N

and wherein the channel matrix for the next symbol period is produced using:
H, - (IN ®JN)H e CNr(N+L—1)><NtN

wherein the (N + L —1)x (N + L —1) -dimensional matrix J, , , is given as

0/ 0
Iy, =| W22 and also the operation J* refers to the N power of
I(N+L—2) Q(N+L—2)

J,., , further the operator ® corresponds to Kroneker product, ZZ" are

transmitted signature sequence matrices and Z pfllfil and also Z ijﬂ are the

p+l
transmitted signature sequence matrices for the current previous and next symbol

periods.

4. The method according claim 3, wherein the covariance matrices of the transmitted

Z7, for the current,

signature sequence matrices ZZ"” and Z pfllfil and Z

previous and next symbol periods are determined according to the following:
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wherein a spreading sequence matrix S(p) of all spreading symbols for each symbol

period p is determined according to:
S(p) = diag(ﬁwsc (p))sch,W .

—Wwsc

wherein S, is an extended channelization matrix and s (p)is a scrambling
sequence vector for symbol period p wherein the scrambling sequence vector

s,..(p) is determined according to:

—Wwsc

S,,. =diaglt, J®S, )

=[50 ()5, (0) -5, (N 4 2)]

and wherein the extended channelization matrix S, , is determined according to:

Sch,W = (W ® Sch,K ) = [gwch,b o gwch,k’ o §wch,K ]

wherein a total of K channelization spreading sequences S, . are generated from a

total of N Hadamard codes with spreading sequence processing gain N, and a

signature sequence matrix S_ S = [gm,---s "EssNJ wherein a channelization

sk

spreading sequence vector s, assocaited with the signature sequence matrix

S, has the property:

and wherein a transmitter precoding matrix W is determined according to:
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W=|_w17”'7wnta'”sz]

wherein the precoding vectors w, forn, =1,---, N_ with the property:
1 i=j

0 i+

are the beam stearing vectors used at the transmitter antennas.

5. The method according to claim 4, wherein, for a Successive Interference

Cancellation, SIC, receiver the signature sequence covariance matrices Z(af )ZH (af )

prl(g)Z]p{—l(g) and Zp+l(§)Z1p{+l(§) are updated using:

2" (€)= 2" €)- 35,87 )

k=k;

wherein S, (£)= {_v{(ﬁ —1)N—(x; +1j,---§k£(§ —1)N—(X) + pﬂ and

N

Z, (2 (©)=2, )27 ()-S5, o8I 0(E)

k:k1

) )
wherein Sk,(pfl)(§)= {g{(&f —1)%3}...&[(43 —1)%3+ p—lj:| and

A

Zp+l(§ )Zf+ (f) =Z,, (§ )Zfﬂ (f)— szk,(pﬂ)(g )SkH,(erl)(g)

k=ky

N

x) )
wherein S, .y = {_vk[(af —l)N—+ 2},--@,{ [(af - 1)%4‘ p +lﬂ for the updated

signature sequence matrices, and C(g) and Cn(af) are the received signal

covariance matrix and the normalization matrix respectively for use in the

implemenation of successive interference cancelation receivers and wherein & is the

epoch number, N and NS(") are the number of symbols transmitted in a block and a
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set of the blocks respectively and wherein the covariance matrix C(g) is determined

according to:

c() L)[Hz@)zf* ER" +1Z, )z (N + M,z (€)Z" () +

_ N,N,KN®
N KN© — Iy 1)

£,

and the normalization matrix is determined according to:

1

C, (&)= (Diag(Diag(n” ™ ()n)) "

6. The method according to claim 5, wherein, for the Successive Interference

Cancellation, SIC, receiver the received long matrix R, s iteratively updated for

long

the correctly detected symbol sequences in the channels updated using:

k
Rlong - Rlong _Ek Z(I)k

k:k1

i O e (0 i (V)

wherein the long matrix @, for the correctly detected symbols is determined

according to:

wherein the ¥ channel’s chip sequence vector q_bk(p) for the symbol period p

and spreading seqgeunce s, (p) is determined according to:
¢, (p)=Hs, (v, , (0)+ M5, (0~ 1)x (0 1)+ Hys, (o + 1, (0 +1)]

for successive interference cancellation receivers.

7. The method according to any one of claims 2 to 6, wherein the transmitted

signal Kshm(/?) is determined according to the following:
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Kshurt (p) = ((CilHCn )H Zlung (p))

Wherein C" is an inverse of the covariance matrix, long (p) is the received signal,

and the normalization matrix C, is determined according to:
C, = (Diag(Diag(HHC’lH)))f1

8. The method according to claim 7, further comprising estimating a received

symbol vector using the following relationship:

p)=8%, (Diag(s,.(p))" r . (0)

- b}l(p)’...’j/k(p),"'j/zvtK(p)J

Wherein Kshm(/?) is the transmitted signal, S, , is an extended channelization

matrix and s (p)is a scrambling sequence vector for symbol period p wherein the

—Wsc

scrambling sequence vector s (p) is determined according to:

—Wsc

S,,. =diaglt, J®S, )

=[50 ()5, (0) -5, (N 4 2)]

and wherein the extended channelization matrix S, , is determined according to:

Sch,W = (W ® Sch,K ) = [gwch,b o gwch,k’ o §wch,K ]

wherein a total of K channelization spreading sequences S, , are generated from a

total of N Hadamard codes with spreading sequence processing gain N, and a

signature sequence matrix S =[§m,---§ssk,---§sw] , wWherein a channelization
spreading sequence vector s, associated with the signature sequence matrix

S, has the property:
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1 i=j

0 i+

and wherein a transmitter precoding matrix W is determined according to:

W=|_w17”'7wnta'”sz]

wherein the precoding vectors w, forn, =1,---, N with the property:

1 i=j
—i —J
0 i+

are the beam stearing vectors used at the transmitter antennas.

9. The method according to any preceding claim, wherein the estimated
channel characteristic is defined by:

(LN)

HD H
H — . H(nr’nt)
(N1
H " H

(N,.N))

wherein the channel convolution matrix H™""" between the transmit antenna n,and

the receive antenna n, is defined by:

C ) -
0 0
(n ,nl) .
B :
(n, n) . .
O = h : 0
O hzrirl,nl) hénr,nl)
(n,.n)
0 0 B

wherein a channel impulse response vector between a transmit antenna »,and a

receive antenna n, is defined by channel impulse response function:
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(n ,nt) _ (n Jlt) (n Jlt)
e R A

10. The method according to any preceding claim, wherein the estimated channel

characteristic is a channel impulse response function.

11. The method according to any preceding claim, wherein the received signal is

defined by:
Fine(P)=Hz(p)+ H,z(p — 1)+ H,z(p — 1)+ n(p)

wherein the vector Q(p) corresponds to the received noise samples at the output of

receiver chip matched filter and g(p) is the transmit chip vector for the current

symbol period which is determined according to:

2(p)= [~ =S(o)r(p)

wherein g(p—l) is the transmit chip vector for the previous symbol causing

intersymbol interference which is determined according to:

wherein the transmitted chip vector g(p +l) for the next (p’h +l) symbol period is:

2(p+1)= [ =S(p+ (o +1)

t

wherein y(p)= lyl(p),---,yk(p),---,yK (p)JT is the transmitted symbols vector which

contains the symbols, over the symbol period p = l,---,N(") , Wherein N s the
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number of transmitted symbols in a transmission block wherein the entire block of
transmission is represented as an (N(x) x N,K) dimensional transmit symbol matrix

using the following relationship:
X = kl""’xk"”’ENtKJ = [Z(l)”z(p)’Z(N(x))]T

wherein X is the matrix conatining transmitted symbols, x, is the vector containg
symbols over channel k, N,K is the total number of spreading sequences used in

the downlink MIMO system, and wherein the (N(")xl)-dimensional symbol vector

X, is constructed using:

X, = [xk(l),'",xk(p),---,xk(N(x))]T
for each channel k=1,...,N,K .

12. A method for determining data transmission rates for transmitting a signal
over a radio transmission system having a plurality of parallel single-input single-
output or multiple-input multiple output channels over which the signal is to be
transmitted, the signal comprising one or more symbols, the symbols being spread
prior to transmission by a plurality of spreading sequences on a symbol-by-symbol
basis, the method comprising:

receiving a signal comprising a plurality of symbols, each symbol having been
spread by a spreading sequence of a plurality of spreading sequences;

determining, for each symbol of the plurality of symbols, a system value A,
indicative of a signal-to-noise ratio associated with the respective spreading
sequence used to spread the symbol; and

averaging the plurality of system values associated with the plurality of
spreading sequences to determine an averaged system value for determining a data

rate for transmission of symbols using the plurality of spreading sequences.
13. The method according to claim 12, further comprising:

determining a data rate to be associated with the number of signature

sequences for transmission in accordance with the average system value.
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14. The method according to claim 13, wherein the data rate for each stream is

determined by finding the discrete data rate value bp which satisfies the following
equation:

[&*]p < 2'(ns—l)lorl(g) < [&*]pﬂ.

wherein A, 71)K+1(§) is the system value , which is for a streaming group number 7,
and for symbol epoch ¢ and a target system value [I]p , which is determined

b
P _
re - D) for p=1,..., P for a chosen discrete bit rate of bp

according to [&L =
1-T(27 -1)

wherein I is the gap value.

15. The method according to claim 13 or claim 14, further comprising estimating

the symbols in the received signal in accordance with the following equation:

Wp)=8%, (Diag(s,,.(0))" g (p)

Wherein r (p) is the transmitted signal, S, is an extended channelization

Zshort

matrix and s, (p)is a scrambling sequence vector for symbol period p wherein

the scrambling sequence vector s (p) is determined according to:

—Wwsc

S,,. =diaglt, J®S, )

=S e ()5, (V) 4 2)]

and wherein the extended channelization matrix S, , is determined according to:

Sch,W = (W ® Sch,K ) = [gwch,b o gwch,k’ o §wch,K ]

wherein a total of K channelization spreading sequences S, , are generated from a

total of N Hadamard codes with spreading sequence processing gain N, and a

signature sequence matrix S _ =[§m,---§ ‘EssNJ wherein a channelization

ss,k >

spreading sequence vector s, associated with the signature sequence matrix

S, has the property:
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and wherein a transmitter precoding matrix W is determined according to:
W = Mla"'awnta'”sz]
wherein the precoding vectors w, forn, =1,---, N with the property:
1 i=j

0 i+

are the beam stearing vectors used at the transmitter antennas.

16. The method according to any one of claims 12 to 15, wherein the system

value is defined by:

A =1-¢,

ET H HywH
I—WTFQCQ(Sk DZZ°D Sk)

ET H H H
- Trace($D,Z" Z, DS,
Ntk:pr )N ) k1 o1 p171 Mk
ET H H H
- Trace(8!D,Z" Z. . D'S,)
Ntk:pﬂ )N() k2 o1 pr1 2 Mk

- %’3 T mce(BBH )
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wherein D is the estimated channel characteristic converted to a square matrix

representative of intersymbol interference, which is defined as follows:
D=C/ H'C 'H - diag(C" H"C 'H)
and a signature sequence matrix for channel k is defined as:

S, = diag(s,.,. S = s, 1) -5, (0) -5, (V)|

wherein an intersymbol matrix D, for the interference from the previous symbol is

determined according to:
D, =(Cc’ H'C'H,)

and an intersymbol interference matrix D, for the interference from the next symbol

is determined according to:
D, =(Cc” H'C 'H,)

and B is a noise vector despreading matrix, which is determined according to:

B=S"c” H'C".

17.  The method according to any one of claims 12 to 16, wherein the plurality of
spreading sequences with which the average system value is associated
corresponds to a first combination of receiver and antenna channels, wherein the
method further comprises:

determining an average system value for one or more other combinations of
receiver and antenna channels; and

using the receiver and antenna channel having the highest system value for

transmission.
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18. The method according to any one of claims 1 to 11, further comprising the

method of any one of claims 12 to 17.

19. Apparatus arranged to perform the method according to any preceding claim.

20. The apparatus according to claim 19, wherein the apparatus is a receiver

device.

21. The apparatus according to claim 19, wherein the apparatus is a radio

transmission system comprising one or more transmitters and one or more receivers.

22. A computer program product arranged, in use, to instruct a computer to

perform the method according to any one of claims 1 to 18.
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