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Abstract

Multiple-input multiple-output (MIMO) techniques are regarded as the crucial enhancement of
todays wireless access technologies to allow for a significant increase in spectral efficiency.
After intensive research on single link performance, the third Generation Partnership Project
(3GPP) integrated a spatial multiplexing scheme as MIMO extension of High-Speed Downlink
Packet Access (HSDPA). Despite the scientific findings on the link-level performance of MIMO
techniques, many questions relevant for the design and optimization of cellular networks remain




unanswered. In particular, it has to be identified whether, and to which amount, the predicted
MIMO link-level performance gains can be achieved in an entire network. In this paper, we
present a computationally efficient link-to-system level model for system-level evaluations of
MIMO HSDPA and an exemplary embedding in a MATLAB-based system-level simulator. The
introduced equivalent fading parameter structure allows for a semianalytic physical-layer
abstraction with high prediction accuracy and simultaneous moderate complexity.

1. Introduction

Mobile radio communication represents one of the most persistent growing technology markets
since the introduction of the Global System for Mobile communications (GSM). Todays cellular
networks utilized by mobile network operators are based on the Wideband Code-Division Multiple
Access (W-CDMA) transmission standard. To satisfy the demand for high data rate in cellular
mobile communication systems, spectral efficiency has to be increased. Accordingly, MIMO
techniques have been in focus of research for several years now and 3GPP has considered
numerous proposals for the MIMO enhancement of Frequency Division Duplex (FDD) HSDPA [1].
In late 2006, 3GPP decided in favor of Double Transmit Antenna Array (D-TxAA) to be the next
evolutionary step of the classical Single-Input Single-Output (SISO) HSDPA [2]. For commercial
deployments, large numbers of antennas at the mobile terminal are usually not desired due to
limited space and battery capacity, as well as cost arguments. D-TxAA offers the flexibility to
exploit MIMO gains and tries to benefit from channel quality adaptability by means of closed loop
feedback.

Usually, link-level simulations are a means to identify and evaluate promising transmission
techniques. Whereas these investigations are suitable for the development of receiver algorithms,
feedback strategies, coding design, and so on, they are not capable of reflecting network issues
like cell planning, scheduling, and interference situations in the context of massive multiuser
operation. Therefore, to understand system and user performance under reasonable operating
conditions in various deployment scenarios, system-level simulations are crucial [3-5]. These

simulations try to cover at least
(1) network deployment issues including network performance [6-8],
(2) multiuser and multibase-station (intercell) interference [9-11],
(3) Radio Link Control (RLC) and admission control algorithms [12, 13],

(4) scheduling [14, 15].

One of the major difficulties of system-level analyses is the computational complexity involved in



evaluating the performance of the radio links between all base-stations and mobile terminals.

Performing such a large number of link-level simulations is clearly prohibitive. Thus, those
evaluations have to rely on simplified link models that still must be accurate enough to capture
the essential behavior [16—21]. Generally speaking, for system-level evaluations, two

concatenated models are needed. The so-called /ink-

measurement model

represents the measurements

for link adaption and resource allocation. Constitutive, the /link-

performance model

interface

grants a possibility to determine
the BLock Error Ratio (BLER) given a certain resource and power allocation as well as signal
processing. Both models are related in the sense that they provide figures of performance

prediction and together can be referred to as system-level

dependencies on system level is illustrated in Figure 1.

[22, 23]. A schematic overview of the relations and

Figure 1 Schematic block diagram of relations on system level [23].
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In order to enable a comparison of a large variety of system realizations, it is desirable to have




measurement and performance models that are general enough to cover different multiple access
strategies and transceiver types, including multiple antenna techniques such as precoding and
spatial multiplexing. It should also be possible to derive the parameters of such a model from a
limited number of link-level simulations. This means that the model should ideally cover channel
and interference conditions beyond those used for training. The existing system level models for
SISO W-CDMA systems, see, for example, [3, 24], cannot be used in a straightforward way for
MIMO-enhanced systems, and none of the published works accurately model the proposed D-
TxAA transmission scheme so far. Either the utilization of Minimum Mean Squared Error (MMSE)
equalizers is not supported (as recommended for MIMO HSDPA) [17, 25], multiple-stream

operation is not covered [13], the mandatory precoding (e.g., for D-TxAA) is missing [24], or no
full analytical description is derived to be available for system-level evaluations [12, 13].

Furthermore, all of the cited works need to compute the full complex-valued MIMO channel
matrix on system level, which—together with the necessary complex multiplications, the
evaluation of the precoding and the equalizer coefficients—implies a large computational burden
on system level.

In this paper, we propose a computationally efficient link-to-system level model for the
semianalytical physical-layer abstraction. We provide a complete analytical description of the
postequalization symbol-level signal-to-inference-and-noise ratio (SINR) including the precoding,
spreading/despreading, and MMSE equalization. Our model shows a structure that identifies the
relevant interference terms—which enables, for example, receiver optimizations [26, 27]—and
allows for the generation of scalar fading parameters

prior to the system-level simulation. Utilizing this special structure, nearly all link-dedicated
procedures can be included in these fading parameters, thus during the runtime of the system-
level simulation only scalar multiplications are needed to compute the SINR. This

significantly reduces the computational effort. In principle, this
iIdea has already been touched in [18] for Universal Mobile Telecommunications System (UMTS)
W-CDMA, however, in the context of MIMO, we need to generalize and fairly extend it to be able
to derive a suitable description. Furthermore, we will elaborate our modeling of the link-
performance (BLER). To summarize, our contributions in this article are

(i) a computationally efficient link-to-system
level model capable of accurately representing the D-TxAA
physical layer,

(i) an exemplary system-level
simulator concept based on the proposed modeling.

The paper is organized as follows: in Section 2, we describe the basic concept of D-TxAA MIMO
HSDPA. Consequently, we derive our proposed computationally efficient link-measurement model
in Sections 3 and 4, then explain the employed link-performance model, after which we introduce
a possible implementation concept of a system-level simulator in Section 5. Finally, Section 6
concludes this paper.



2. D-TxAA

The Radio Access Network (RAN) group agreed to standardize MIMO in HSDPA for UMTS
Terrestrial Radio Access (UTRA) frequency division duplex as dual-codeword MIMO based on D-
TxAA with the weights applied on the transmitter side being signalled on the High-Speed Shared
Control CHannel (HS-SCCH) in the downlink. The focus of this scheme is aimed at two transmit
and two receive antennas. A high level description of the D-TxAA scheme is depicted in Figure 2,
see also [1]. Channel coding, interleaving, and spreading are implemented as in the non-MIMO

mode, with a primary transport

block being always present. However, now the physical layer supports the transport
of a secondary transport
block to a User Equipment (UE) within one Transmission Time Interval (TTI). The

precoding weights for the transmit antenna array operation are determined from a quantized set
by the UE and serve as beamforming to maximize the received SINR. In case of a single-stream

T
transmission, the primary precoding vector, determined by [w1,wz], is used for the transmission
of the primary transport block. In a dual stream transmission, the secondary precoding vector

[w, W4]T Is chosen orthogonal to the primary one which keeps the amount of feedback bits
constant for both transmission modes. The evaluated feedback in form of the Precoding Control
Information (PCI) is fed back to the Node-B within a composite Channel Quality Indicator (CQIl)/
PCI report on the High-Speed Downlink Physical Control CHannel (HS-DPCCH). This scheme
theoretically allows for a doubled data rate compared to the actual possible HSDPA data rates
[28] which can be utilized in high SINR regions (e.g., very close to the serving Node-B) when dual

stream mode is supported.

Figure 2 High level description of the D-TxXAA transmission scheme. The precoding
weights *1.--- W4 gre signaled by the UE.
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3. Computationally Efficient Link-
Measurement Model

To be able to derive an accurate and computationally efficient system-level model, an analytical
model of the W-CDMA MIMO HSDPA [1] link quality is required. Therefore, we adapted the

framework of [29] in order to reflect one individual link between a base station and a user
equipment.

Figure 3 depicts the model where the transmitter (Tx) and the receiver (Rx) are equipped with T
and "'r antennas, respectively. Note that this description allows for the description of more than
two spatial multiplexed data streams. Accordingly, as illustrated in Figure 3, the input data stream
5 is demultiplexed into # parallel streams, <0 --- +=#—1, with the individual data streams =,
0=rn=M-1 being spread by a number of spreading sequences, ¥~ (multicode usage) and
scrambling sequences (not depicted in Figure 3). In a practical HSDPA system, however, the
Node-B will most probably use only one scrambling code.



Figure 3 System model for a W-CDMA system, reflecting the parallel transmission of
M streams over 'T transmit antennas and reception with 'R receive antennas by
using an ST-MMSE.
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These spread and scrambled sequences are then mapped to the “'T transmit antennas using a
prefiltering matrix D e ©”T*¥ \which contains the precoding weights, "“1:*~7# |ike depicted in
Figure 2. At the receiver, the signals are gathered with 'R antennas and chip-spaced sampled
before they enter the discrete time Space-Time MMSE (ST-MMSE) equalizer. The MIMO channel
He ©"R*?TE s modeled as time-discrete, frequency-selective channel:

f1,1000 - Ay aL0) o Ay afl-1)
H= : : : : (1)

hnﬁill:lj:' hnRJnTED:‘ hnRJnTEI'I—_]-:'

where the entry fr £} denotes the /th sampled chip of the channel impulse response from
transmit antenna ¢ to receive antenna ¥, with a total length of £ chip intervals. Note that the pulse
shaping, the transmit and receive filtering, as well as the sampling operation can be incorporated
in the MIMO channel matrix.

For sake of notational simplicity, we define an equivalent time discrete channel I" e CR*M that



includes the prefiltering matrix D and the MIMO channel H, that is, [ =H'I; @D} \ith I denoting
the identity matrix of size £, and % being the Kronecker product. With this, the input output
relation at time instant &, formulated by means of the equivalent channel matrix, is given by

T

¥yl ) =Txik) +“':k:', where we introduced the receive vector ¥k =[yalkd,. ., F”REH] , the transmit
T

vector X&) =[xplkl, .. xp-1(8), . xy—1lk = £+ 1)1, and the receive noise vector

.
nik)=[ralkd, . rag I opviously, this description allows for the representation of the D-TXAA
scheme.

3.1. Space-Time MMSE

Since we imply the usage of an ST-MMSE at the receiver, we have to extend our input-output
relation for £ received samples (the equalizer span) at the 'R receive antennas, that is,

Yelk)=Texglk) +nell) The stacked” versions of the parameters are defined as
¥l = [y k), ¥k - E + 1J]T, x 200 = Doy (), 3l otk - E- L+ 2T, ang
-1).

T T T . . Exhi-(L+E .
ng(é)=[n'(k),...,n (k- £+ 1T and the equivalent channel matrix [ £ ©7R"" ': is given by
r “"-"RJN “"-"RJN

“"-"Ft_.IN I “"-"RJN (2)

“"-"Ft_.IN “"-"RJN I

where "7r.# denotes the all-zero matrix of dimension 1R * . Note that this description cannot be
represented by a Kronecker product, because = does not show a block structure, as indicated by

the size of the zero matrices 7R,
. . L W, e piEnRE . .
The solution of this ST-MMSE minimization problem, "< , estimating the data vector

T
xg=xlk-d)= [k -d), . xnlk = d)] gt delay d, can be evaluated to be [29, 30],

-1 (3)
wd:RxawErE(rfofxgrEJarfnfj '

The covariance matrices then show the following structure:



Bx ., =|:“N:{NG"JPJ“N:{N{E+L—G'+2]I:|J 4)
RIEIE =I:|IE|I;||-'_:+|.'__1{P},

h P=dliagig,

wit Futah combining the powers */, transmitted on the ith stream, respectively.

The equalizer span £ and the detection delay & are important parameters that influence the
performance of the system, but an optimization of these is not treated in this paper. In general,
we assume an equalizer delay of @=£ /2 according to [31].

3.2. Equivalent Fading Parameters Description

The total received signal at user ' can be evaluated by summing over all base-stations & and all
users Y of the bth base-station, respectively, as

L

_ (5)
yik]) = E:u UED WEEF“ wEE@ brub"ub,w,w':k:' +n k),

where Tub and ®ub denote the pool of scrambling and spreading codes for user . served by base-
station &. The received signal is then passed through the ST-MMSE and—if we omit the noise term
for the moment—Ieads to the useful postequalization signal

fiplk)= E E Lo x

b= u=0we¥,, ped,p (6)
MIEH -11-1

T .m L
mE=n Vel wb® b w0, lmfN][k - [WJJ '

M{E+H -1)-1
Here, we decomposed Wa = [W1, ..., wn,. wl and lub = (¥ ispr Vi Vb ]Whereﬂ

denotes the stream index and i is the index of the Tx chips for all streams entering the equalizer
span. Furthermore, [ # 4] denotes the largest integer smaller than 7 /& and represents the delay

of the transmit chips, and [ /5] denotes the remainder of the integer division and represents the
index of the substream.

After the descrambling and despreading, inlklis multiplied with the complex conjugated
scrambling and spreading codes and integrated over the period of a symbol to obtain the



estimated Tx symbols £n. In what follows, let us assume that each Node-B (or cell-sector) uses
only one scrambling sequence, thus Fus="Ts 1 I*5l = 1 whereas each neighboring Node-B uses a
different scrambling sequence. This reflects a typical W-CDMA scenario as currently implemented
for Release 4 and HSDPA and, accordingly, we will drop the notation of the scrambling sequence
where it is possible to simplify the notation. In the following, we will decompose the receive
power of ialklin (6) into its different interference terms to derive the system level model. With
this decomposition, it is possible to describe the characteristics of the individual interference
terms by means of fading-parameters that are real-
valued scalar processes. These parameters can be computed offline and loaded for the runtime of
a system-level simulation, thus significantly reducing the computational burden.

3.2.1. Desired Signal

Without losing generality, we define the user and base-station of interest to be =0 and &= 0.
Then, the power of the desired signal, PF:”, Is given by

Z (7)
Ps_lll-l' = |wg'ﬁrglgll-hr"| I'Dn_l'f= GSJH'ID”JEJ

where “7.¢ denotes the power on stream # and spreading code ¢ spent for user « = O by base-
2
T, S
station &= 0. The fading parameter Gs,n = IWardg |
signal power.

describes the equivalent fading of the useful

3.2.2. Intracell Interference

The intracell interference is composed by a number of terms, that is, the remaining intersymbol
interference (ISI1) after equalization, PISLH, the intercode interference when the same scrambling

but a different spreading code is used, PICJH, the intracell interference from users that are not
served in the same instant as the user of interest but with the same scrambling and spreading

code, Pi"'t"alﬂ, and the intracell interference from users with the same scrambling but different

spreading code, Pi”trazﬂ_ From these terms, F15Ln and F1C,m represent the intracell interference
generated by the user of interest (selfinterference):



MIE+H —11-1

P1el,n +P1C,n= 3 |"".".-‘a"|:||:|| P L] @)
=0

m g [@i,d-+v—1]

and Fintray,n together with Fintraz,n specify the intracell interference generated by all other users
in the cell:

th N{E+L 1) -1
& + £

intraq,n tintraz,n -'_.'—1 - D |""ﬂ1i'ulil| 'D MR )

g [, i+ —1]

I H

: £ . .
where we defined v lm/#1 to be the user specific power spent by base-station £ = 0 on

substream 7 /&1 1f we apply the simplification that all streams designated for a user & has the
same power “u, the total intracell interference becomes

N{E+L 13-1

1
Pintr’a,n= E'DD Iw-'ﬂ'IIIIII
m= IZI

g [a, dhiii—11]
from user of interest (10)

L Yo MEE+H —1)-1

+_ E F E 1
= i it |"".".-‘a"u|:|

m g [, dhi+iv—1]

L
from aother users in the cell

— i1
with “v = Zp21wn, 50 far, the description of (10) does not allow for a decoupling into fading

m

parameters and power terms because ¥ =0 depends on the user index, that is, the choice of the
user regarding their precoding, which is only known on system level. To be able to decompose it,

=M{EH ~1)-1

=0

we have to introduce another simplification, namely, to replace ¥ [, dhi+i-1] by an
average over the precoding choices of the users. If we assume a uniform utilization of all
precoding vector choices, the resulting term becomes

w7 |



1 MIEH -11-1
I % HED |“’”"’wn ! (11)
g [, =17

with @ denoting the precoding choice out of the code-book i The vector T wD denotes the channel
matrix column 7 when applying precoding vector w at the transmitter side. Due to this averaging,
(11) does not depend on the user index anymore. By normalization with respect to the useful
signal power GFJ”, we define the precoding orthogonality:

.11 MEE+H —11-1
BT L Rlute D Aol (12)
i [, A+ —1]

characterizing the ability of the equalizer to cancel interference caused by multiuser scheduling.

With this simplification, we can represent the intracell interference affecting stream # by

i
13
Plntr’a-"-' |:P':'+DE-F-"-' E -":"u:| Intra;-"-"GL""” o

with the intracell orthogonality fading, Cintra,n, being

ME+L=-1]1-1 T
gHEL-D-1 LT
o1 mzldndien-1] (14)
Yintra,n = o

2
T ah+n
rTO0

3.2.3. Intrastream Interference

The interference generated by the parallel transmission of a second (spatially multiplexed) stream
is given by the power PINT,~ and can be expressed as



M=1 2
PINT,n = = b'fl?gﬁ‘rw| Frn, &
=0

f=1

=Gs,n' i OINT,m"Pm,0
=0
m#En

where "INT,m = Walon denotes the intrastream orthogonality factor.

3.2.4. Intercell Interference

For this interference term, we will assume that all users in a neighbouring cell will apply the same
precoding coefficients. If we, furthermore, restrict ourselves to the scenario that all substreams
designated for one user are equally powered, the intercell interference is given by

[

| JHiEH-1)-1 y
Pinter’,n = Elptnt,bﬁwn mE=III ?EH?EH "

(16)

=]
= E & 7 :
] tot,b “Finter,b,n

where “tat,& denotes the total transmit power of Node-B & spent for the HSDPA data transmission
to all served users, and Ginter,b,n is the equivalent intercell fading process.

To confirm the validity of our main assumption, that is, the application of equal precoding
coefficients for all users, we performed some simulations to investigate the effect of this simplified
modeling onto the intercell interference. For these simulations, we assumed equal powers on all
streams, and equal powers for all active users, which is likely to be set in a realistic network
deployment. Furthermore, we only evaluated the intercell interference of one neighbouring Node-
B because the interference arriving from one specific neighbouring Node-B will be independent of
all other neighbouring Node-Bs due to the fact that the small-scale fading of their corresponding
channels (to the desired user) can be assumed independent of each other.

Hence, to assess the approximation error, we simulated the intercell interference power, as given
in (16) for two cases: all users are served with random precoding vectors (PC=rand) and the
simplified version, in which all users are served with one specific, constant precoding vector (PC =
1).



Figure 4 shows the simulation results for both cases when the channel is modeled as Rayleigh
fading in a 2 = 2 MIMO channel with International Telecommunication Union (ITU) PedA profile,

[32—34]. It can be seen that the Cumulative Density Function (cdfs) of Zinter,n for the random
and the fixed precoding assignment are identical, thus there is no error introduced by our
simplification. The reason for this is that the precoding gain vanishes in the double-stream
operation, as shown in Section 3.1. In the single-stream mode the proposed simplification
introduces an insignificant error, but the results are left out due to limited space.

[z

Figure 4 Cdfs of the intercell interference power " inter,7 jin case of a 2= 2 ITU PedA

channel.
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3.2.5. Thermal Noise



We model the thermal noise white and Gaussian, statistically independent and with identical
power on all antennas and over all chips that enter the equalizer. Accordingly, we can calculate
the power (on symbol level) of the thermal noise as

2 2
W = E[u win (k) ||2] =GE 1wl . 17)

3.3. Fading Parameter Generation

To assess the characteristics of the fading parameter representation, we performed a set of
simulations to statistically evaluate the defined parameters. We implemented a fading simulator
where the MIMO channel coefficients were generated according to the improved Zheng Model,
see [33, 34]. The MMSE equalizer weights and the precoding coefficients were determined
assuming perfect channel knowledge at the receiver. Note that the precoding coefficients were
chosen according to [1]

1
Wq =W3=E,
1+ 1-7 -1+f -1-7
WEE{E’E’ T }’
Waq =-W=2,

(18)

Accordingly, the precoding is fully determined by the choice of the mobile regarding weight ¥z,
which was obtained by

(W)= arg f_=n1'|a>< 4d|||.'|R.1|.-J (19)

1 1

where 4/ denotes the prefiltering vector of stream one, given by the first column of prefiltering
matrix D= [W1, Wz, w3, wal specified by the value of ¥z subindexed by /. The matrix R is defined

2 =R gH : : : . :
as B = En=1H”H”, with B denoting the £ * T channel matrix, associated to receive antenna .

The intracell power as well as the intercell power are normalized to one at the receiver. The
equalizer span and delay were chosen 30 and 15 chips, respectively. Furthermore, we
implemented a realistic pre-coding delay of three slots.

Figure 5 shows the fading simulation cdfs of the single stream mode in case of an ITU PedA
profile, for the 2= 1 MIMO channel. The speed of the mobile was set to 3 km/h. The high values of



the beamforming fading parameter “EF denote a large gain due to the precoding and small values
of the intracell fading parameter “intra show that the intracell interference can be effectively
suppressed by the equalizer. High values of the intercell fading parameter are due to the power
normalization as mentioned before (in the system-level simulation, Ginter would be weighted with
a larger pathloss compared to ©s).

Figure 5 cdfs of the equivalent fading processes for the closed-loop single-stream D-
TXAA mode in the 2= 1 MIMO case for an ITU PedA channel.

Ginter |

CDFs of fading parameters

10V 107 104

Figure 6 then shows that the results (cdfs again) for the double stream mode in case of an ITU

PedA profile 2= 2 MIMO channel where the speed of the mobile was again set to 3 km/h. Here,
the solid lines denote the equivalent fading processes of the first stream, and the dashed lines
illustrate the processes of the second one. The cdfs of the equivalent fading processes of the two
streams are separated due to the pre-coding. As defined in (19), the first stream is always
preferred in terms of the precoding coefficient evaluation which leads to better statistics in terms
of the equivalent fading processes. Another interesting observation is that the beamforming



orthogonality “BF,» = lis constant in this simulation setup. This can be explained by the fact that
In a £ = 2 system, only two degrees of freedom exist to separate users by the choice of the
precoding vectors. In the double stream mode, however, both degrees of freedom are used for
the transmission of the two streams, such that the users do not gain anymore from a possible
different choice of their corresponding precoding weights. To be specific, this can be deduced
from the following lemma.

Figure 6 cdfs of the equivalent fading processes for the closed-loop double-stream
D-TxAA mode in case of an ITU PedA 2= 2 MIMO channel.
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Lemma 1.

Assume that *="T=2 and the precoding matrix D is unitary (which is the case if the precoding
coefficients are normalized, see Section 3.3). Then the user index-dependent beamforming
orthogonality “BF.«.7 js identical to one. In particular, this holds for the averaged beamforming



orthogonality “EF.7,
Proof.
The proof is provided in the Appendix.

Figure 7 finally shows the results (cdfs) for the double stream mode in case of an ITU VehA

profile in a 2= Z MIMO channel, and a mobile speed of 120 km/h. It can be observed that the
performance of the two streams now is nearly equal, which is a result of the precoding delay. The
higher Doppler spread leads to a larger mismatch of the determined beamforming weights with
the actual MMSE weights, and thus the two streams perform nearly equivalent.

Figure 7 cdfs of the equivalent fading processes for the closed-loop double-stream
D-TxAA mode in case of an ITU VehA 2= 2 MIMO channel.
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We also investigated the possibility of a direct statistical representation of the fading parameters
by means of normal distributed random processes. The form of (6) might suggest this, but the
proposed fading parameters show significant deviations from suitable fitted normal random
processes. This is due to the nonidentical distribution of the underlying random processes and the
correlation between the parameters. As an example, a probability plot of the interstream
interference fading parameter “IMT.» of stream one is plotted in Figure 8.

Figure 8 Comparison of “INT, of stream one against a normal distribution.

0.9999
0.999

0.99

Probability
S
n

0.001
0.0001

OINT,1

Furthermore, it has to be noted that a statistical representation of the proposed fading
parameters would introduce additional losses in accuracy but lead to no (or insignificant) gains in
terms of computational complexity.

3.4. Influence of Non-Data Channels



So far we have considered only the effects of the data channel—the so-called High-Speed
Downlink Shared CHannel (HS-DSCH)—of HSDPA, but in a network also synchronization and pilot
channels are needed [35]. In the context of our modeling, the additional interference imposed by

these channels can be split into non-spread channels , for example, the synchronization channels,
and the spread channels, for example, the Common Pilot CHannel (CPICH).

For non-spread channels, the additionally imposed interference can—in analogy to the derivations
in Section 3.2—be split into three separate parts. Considering the total transmit power of the

nonspread channels to be P”D”'Sp"ﬂad, the interference power directly affecting the desired

stream r (for which the SINR shall be calculated) is given by Pns,n,1= Gs,n1 /NPron-spread, The
interference power added on top of all other transmitted streams is given by

MN=1 1

Fhs,n,2= Z. ':-?5,.".":'If‘-.IT,.".".'E""_"r||:||'|-5|:|r'n3a|:|J (20)
=0
R0

and the remaining intersymbol and intercode interference can be evaluated to be

Fns,n,3 = Ointra,ns,n"nan-spread Adding these individual parts, the total interference caused by
non-spread channels is given by

3
'Dns,r.- = II_E:L"':'l'ns,.".-,." =

(21)
Pm:-n-spread H=1
TGS,.".- 1+ X UINT,m +Pnnn-5preadﬂintr’a,nG5n"-"
=0
m#n

The interference caused by other spread channels than the HS-DSCH can be treated similarly to
the intracell interference caused by loss of spreading code orthogonality. Assuming the total

power of other spread channels in the cell to be Pﬂther-spread, the interference caused can be
evaluated to be

(22)

'Ds,n = nther-spread':'intra,nGL-"-' :

3.5. Resulting SINR Description



With these findings, the SINR on substream  and spreading code £, as observed after
equalization and despreading (thus on symbol level), can easily be expressed by

SINR,, 7=

SFE (23)

Ll
SF'PINT,.".-"'Pintra,n+Pn5,n+P5,n+Pinter,n+W

where 5F denotes the spreading factor. For D-TxAA, in particular, PINT,n simplifies to
FINT,n = ':‘INT'GL”'PH?JE, since there is only one interfering parallel substream.

The description only contains equivalent fading parameters and power terms, which do not
depend on each other. Accordingly, traces for the fading parameters may be generated prior to
the system-level simulation—and thus only scalar multiplications will occur in (23) when evaluated
on system level. It is also worth noting that in principle only one trace for each fading parameter
has to be generated—statistical independency between different realizations for different users
can always be achieved by choosing independent starting indices (e.g., drawn uniformly) within
the traces. Furthermore, although we only investigated the statistics in case of ITU channel
profiles, we want to point out that the proposed structure can be utilized for arbitrary channel
models like the Spatial Channel Model (SCM) [36].

3.6. Validation of the Proposed SINR
Description

To show that our proposed link-measurement model can accurately approximate the exact SINR,
we performed a set of link-level simulations. Figure 9 depicts the simulation results for an ITU
PedB channel when an equalizer of length £= 30 and 15 spreading codes are employed. The
"simulated" or "true" post equalization and despreading SINR is given by

Figure 9 Exemplary model fitting for an equalizer length of 30 and ITU PedB
channels, 15 spreading codes employed.
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where #r and ¥ denote the transmitted and received symbols on stream f, respectively.

From Figure 9, it can be observed that our proposed model fits the "true" SINR over a large range
of noise power. In the single-stream transmission, the SINR increases nearly linear with
decreasing noise power, whereas in the double-stream case, interference due to loss of
orthogonality between the individual spreading codes leads to a saturation of the SINR. We also
conducted investigations in a measurement setup [37], which also showed very good agreement



of the model approximation with the "true™ SINR.

3.7. Computational Complexity

To assess the gains in terms of computational complexity of our proposed link-measurement
model, we investigated it both analytically and by means of simulations. As already mentioned in
Section 3.5 the resulting description of the SINR only requires the loading of the precomputed
fading parameters and a couple of real-valued scalar multiplications.

In contrast to that a full evaluation of the SINR without introducing the fading-parameter
structure would lead to a large effort in calculating not only the interference terms but also to
evaluate the precoding choices and the equalizer coefficients. The computational complexity of
the standard SINR calculation can thus be estimated by evaluating these three terms. For the
precoding, we base our analysis on (19) for which we obtain

HRd ; ~ 4 2 2 2 25
arga‘—nl-'jz_'ﬁiqdf'm“ 4@{-‘LHT+HT—N+HTN }, (25)

if we assume matrix multiplications to be of order &14™ } for & = & matrices. Similarly, the
complexity of the equalizer evaluation can be approximated by

-1
Wy =RIE"EFEI[FER"E"EFE+R“E"E)

- @{N3(E+e‘_ S NHE+L - 1)2} (26)
+OfNZE +L - 1inpE +NInZE3],
Finally, the complexity of the interference power calculation is proportional to
O{(rRE+ L3+ UgNE+L - 21+ BNE+L - 1]} . (27)

Example 1.

If we evaluate this for the double stream case in a 2 = 2 channel with the length of the channel
being L = 3 (corresponding to an ITU PedA channel, when the sampling is done on a per slot
basis), a maximum of four user to be scheduled in parallel “o= % and only one interfering base
station & = 1, the complexity of the classical SINR estimation on system level would be expected



to be

© {159+ 725+ 28E< + 6457}, (28)

On the other hand, assuming the computation of the fading parameters is performed offline, the
complexity on system level utilizing the proposed structure would result in

E{N(4+ 20+ 8) T, (29)

which is significantly smaller than the complexity order in (28). If the same values as in the
previous example are applied, the complexity of the proposed model compared to the complexity
of the classical SINR estimation for an equalizer of length £= 20 would in this example be

1.48:107", however, not considering any memory loading effects.

To verify these large gains in a practical setting, we compared the simulation runtimes of the two
approaches in a MATLAB environment. Figure 10 shows the relative complexity of the proposed

model compared to the standard approach, defined as

Figure 10 Average computational time savings in a MATLAB-based simulation for a
2= 2 ITU PedA (L =3) channel.
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with “proposed and classical denoting the time needed to evaluate the SINR with the proposed or
the classical model, respectively. It can be observed that our proposed SINR evaluation saves up
to 96% of the complexity, depending on the equalizer span £ when the same assumptions as in
(28) are in place. The reason why the difference is not even more dramatic is because of memory
allocation and loading issues in MATLAB that are needed for the operation of the proposed fading
parameter approach. Similarly, this effect can be seen when comparing the single-stream and
double-stream case, since for the single-stream case, less loading operations have to be
conducted, thus leading to larger complexity gains.

4. Link-Performance Model



The basic structure of the proposed link-performance model and its connection to the proposed
link-measurement model is depicted in Figure 11. The principal idea follows [22, 23], which we

adapted to the needs of the MIMO HSDPA context.

Figure 11 Basic concept of the link-performance model, including the input
parameter generation.
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4.1. Mutual Information-Based Averaging

Utilizing the link measurement model, we can compute the SINR per stream and spreading code,
SINR”JE, from (23). To be able to relate these SINR values to an error event, we have to define a

mapping SINRp,7: =1, [ 2yp |2 BLER \ve decided in favor of a two-step procedure, mapping
the individual SINR values to an effective SINR that is able to represent
the average quality of the link when the decoder has to deal with the multiplexed data of the



individual spreading codes. In literature, the two most common approaches to perform such a
mapping are the Exponential Effective SINR Mapping (EESM) or the Mutual Information Effective
SINR Mapping (MIESM). It has been shown that the MIESM in general shows a better
performance and is more robust against calibration errors [38]. Accordingly, we decided in favor

of the MIESM with a sigmoidal mapping:

8l
SINR ., = 207 L I[isma ] (31)
n -‘El [":b-:.'.bl ‘:El '3 .".',r,?

where i1 is the bit-interleaved coded modulation capacity mapping [23]. The use of the mutual
information also appears attractive in the sense that it at least conceptually accounts for the
choice of the modulation alphabet. Since the mapping function {1 is not trivial to be evaluated,
we precalulated and stored it in a file that serves as a lookup table during the runtime of the
system-level simulation.

The fitting parameter £ was found by least squares- (LS-) based fitting of the
instantaneous symbol-based SINR derived from link-level simulations to the corresponding
additive white Gaussian noise (AWGN) performance curves. Details on this approach can be found
in [23], however, a full treatment of the training and validation of the model would exceed the
scope of this paper. Although our focus in this work is different in terms of the transmission
scheme, as well as the targeted channel models, it has to be noted that our resulting tuning
parameters are close to the values obtained in [22].

The link-level simulations needed for the training and validation of the link-performance model, as
well as for the AWGN performance curves, were obtained by utilizing an HSDPA link-level
simulator [39] to compute BLER curves for the SISO AWGN channel. Figure 12 exemplarily shows
the postequalization and despreading SINR as well as the AWGN performance curve for a single-
stream transmission with settings according to CQI 28 for an UE of capability class 20. It can be
observed that the trained MIESM maps the postequalization SINR to the
AWGN curve with high accuracy.

Figure 12 MIESM training results for a transmission with settings according to CQI
28 in the single-stream operation of a capability class 20 UE.
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For the desired link-performance model, let us describe the simulated AWGN performance curves
by

b =Ff{UE class, CQLn, SINR,), (32)

such that the average BLER value corresponding to the effective SINRET on stream # can easily
be computed by a lookup table. The result then is mapped to a block error event realization by
conducting a binary random experiment with probability & for the event of a block error, Non-
ACKnowledged (NACK), and probability 1 - & for the correct reception of the transport block,
ACKnowledged (ACK),



| 0=ACK PriACK)=1-5, (33)
1 = MACK :PriMNACK)=b.

4.2. SINR-to-CQI Mapping

From the AWGN performance curves needed for the MIESM training, also the mappings for the
Adaptive Modulation and Coding (AMC) operation of HSDPA can be extracted [40—42]. If the
coherence time of the channel is long compared to the duration of one transmission timing
interval, the UE can efficiently utilize the channel with a BLER of approximately 10% by feeding
back the adequate CQI values.

4.3. HARQ Gain Modeling

Finally, it remains to specify the modeling of the Hybrid Automatic Repeat reQuest (HARQ) gains
in case of retransmissions. In this contribution, we applied a model developed by Frederiksen and
Kolding [43], defining the combined SINR after + retransmissions by the recursive equation

(SIMREHE]; " " Ln(ECR, M), i IISINREFF]M (34)

where # is the modulation order and ECF. is the code-rate of the first (initial) transmission. The

parameter « describes the chase combining efficiency and RECR,Mlr is the incremental
redundancy gain over chase combining for the rth transmission.

eff
The combined SINR after ¥ retransmissions, (SINRFA :'r, can then again be used in the BLER
mapping (32) of Section 4.2 to evaluate whether the transport block was received correctly or not.

5. System-Level Simulation

System-level simulations are important for a large number of research topics, like network
algorithm testing, equipment development, network planning, or even performance testing. Major
manufacturers of mobile communication equipment, like Nokia Siemens Networks, Motorola, or
Ericsson thus operate their own system-level simulators to derive important results for the
standardization process of 3GPP. To show the applicability of the proposed link-to-system level
model, we will shortly elaborate on a possible structure of a system-level simulator utilizable for



network performance testing and algorithm optimization, for example, [44, 45], and even for
crosslayer topics [46—48].

An overview of the system-level simulation methodology based on the proposed model is
illustrated in Figure 13. The first step of the simulation invokes the network generation, that is,

cell deployment and the user generation according to the selected UE capability class together
with the positioning. Also, the fading parameters suitable for the scenario are loaded, the shadow
fading traces are generated and the data necessary for the link-performance model is loaded. In
the main simulation loop, according to the feedback of the UE in the target cell, the RLC and the
Medium Access Control for HSDPA (MAC-hs) scheduler decide upon the user to be served and the
transmission settings of this transmission. After this decision, an update of the user position takes
place. With the position being known, the macroscale pathloss, and the effective antenna gain
can be calculated. The SINR on each utilized stream and spreading code in the current
transmission then is evaluated by (23), mapped to an effective SINR, and consequently the
correctness of the received packet is evaluated according to the link-performance model, see
(33). The user feedback is then formed of the ACK/NACK report and the CQI for the current
transmission evaluated pursuant to the mapping of the UE capability class. At the end of the
simulation time, the resulting data is collected and statistically evaluated.

Figure 13 Overview of the system-level simulation methodology, utilizing the
proposed fading parameter structure.




b

RLC/TFEC choice X User handling
scheduler 7 (position update, ... )
'@ Stored == :
?" f;:.f_}]?}];m?m’ [~ Eles —|  Channel quality
user distribution X evaluation
Fading parameter

generation

»  BLER evaluation

Macroscopic path-loss,
shadow-fading

"y

Figures of merit

Link-performance
model

According to the structure in Figure 13, the system-level simulator has at least to make some
assumptions about the cell deployment, the propagation modeling, and the user mobility
scenario. This network layout can, for example, be generated according to live network data or
according to regular layouts as described in [36]. Propagation models for system-level simulations
then should be chosen to adequately represent the specified deployment scenario. Either
measurement data is available, or analytic models, for example, those in [49] can be used.
Furthermore, special care should be taken to ensure that the shadow fading obeys the required
statistical properties, that is, spatial correlation and intersite correlation, for example, by
generation according to [50]. User mobility usually is modeled according to a random walk model,
and also more sophisticated path-based test-scenarios can be implemented. Note that depending
on the investigation scenario, handover management can be neglected in the simulator, which
requires some measures to prevent the users from leaving the cell.

Based on the implemented and simulated network scenario, typical performance metrics derived
by system-level simulations include cell and user-throughputs, fairness figures, or error statistics.



5.1. Exemplary Simulation Result

An exemplary simulation result of the simulator structure as utilized in [46—48] is illustrated in

Figure 14, with the simulation settings specified in Table 1.

Show Char Content || Hide Char Content

Table 1 System-level simulation parameters.

Parameter Value

Cell deployment 19 cells, layout 1
Node-B distance 1000 m
Transmitter frequency 1.9GHz
Total power available at Node-B 20W
CPICH power 0.8W
Spreading codes available for HS-DSCH 15

Macroscale pathloss model

urban micro [49]

Scheduler

round robin

Active users in target sector

25

User mobility

3 km/h, random direction

UE capability class

20, ST-MMSE equalizer

Equalizer

£ = 30 chips, = 15 chips

Feedback delay

11 slots

conditions.

Figure 14 Throughput comparison of different network types and channel
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It is noteworthy that the 2 = 2 double-stream (DS) operation performs slightly worse in the
average cell throughput sense than the Z = 2 single-stream (SS) transmission. This is an effect of
the higher overhead of the dynamic switching between SS and DS mode. Nevertheless, the

maximum achievable throughput is significantly larger in the DS enhanced case. A more detailed
investigation of the system-level characteristics of MIMO HSDPA will be part of another
publication, also elaborating on optimization potential in the network algorithms.

6. Conclusion



In this paper, we introduced a computationally efficient link-to-system level model that includes
the precoding, spreading/despreading, and ST-MMSE equalization. Furthermore, we introduced a
suitable link-performance mapping scheme and the necessary training to achieve an accurate TTI-
based BLER prediction. Together with the necessary SINR-to-CQI mapping and the HARQ
modeling, we were able to describe an exemplary implementation of the proposed model in a
MATLAB-based system-level simulator and presented details on our simulation methodology.

The introduced model can be utilized for various system-level simulation concepts, network
performance investigations, algorithm development, and cross-layer optimizations. Future work
based on this link-to-system model will focus on scheduling and interference mitigation
techniques, as well as content aware cross-layer techniques.

BodyRef

FileRef ’: BodyRef/PDF/13638 2009 Article_1651.pdf

TargetType r OnlinePDF

Acknowledgments

This work has been funded by mobilkom austria AG, in cooperation with ftw., Infineon
Technologies, and Siemens AG. The authors would like to thank Dr. Sven Eder (Siemens AG) and
Dr. Ingo Viering (Nomor Research) for their support and valuable contributions. The views
expressed in this paper are those of the authors and do not necessarily reflect the views within
mobilkom austria AG.

Appendix

Proof of Lemma 1

Obviously it suffices to show the assertion for “BF.u.r. Let us first consider the simpler sum

MUE+H —1)=1 | T | _ _ . 2 _ _
L= warol | In fact, this expression equals ATz I s where £ is the stacked equivalent
channel matrix and II'l denotes the norm of a vector in any o ie N, Since E=Hglg4—1@D)
where D is the precoding matrix of the user &, we obtain by expressing the norm using the scalar
product:



MEE+H -11-1
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T
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=l wilz| —waner* (A1)
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However, by assumption, the precoding matrix is unitary. Hence,

N{E+L 13-1

A2
|wn1.ruc. iwlHET (A2)

and this is independent of the precoding matrix D. For an arbitrary matrix 4 and some set £ =Ho
of indices, let 77zlA) denote the matrix where the columns with indices in  are deleted. For the
particular index, set [, 4+~ - 1], it can be shown rather quickly that

wid i +ii-1]TE) = H[NdJNdW—l]':HE:”:IEH-E[E'D:', that is, T widt b +hi-1] preserves the structure
of the matrix [£-block matrix times some block diagonal matrix filled with copies of D. Hence,
exactly the same calculations as in (A.1) and (A.2) lead to

MEH —1)1-1 .2 - 5
|""n‘a' TIII| =llwrf g pig+i-17TED |

m=0 (A3)
[ Mg, g+ —1]

2
=IWET Lo, pig—1 JCHLED |

Since this holds for every user index i, one immediately concludes that “BF,u,n = 1
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