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Abstract

Mobile wireless terminals tend to become multi-
mode wireless communication devices. Further-
more, these devices need to be adaptive as they
can adapt to changing environmental conditions as
well as changing user demands. We foresee a het-
erogeneous reconfigurable System-on-Chip (SoC) as
the key-technology for future wireless communication
systems. The SoC contains processing elements of
different granularities. The implementation of a W-
CDMA receiver with true dynamic reconfiguration
capabilities in heterogeneous reconfigurable hard-
ware is described.

1. Introduction

Future wireless communications systems tend to
become multi-mode, multi-functional devices. Adap-
tivity becomes ever more important. These systems
have to adapt to changing environmental conditions
as well as to changing user demands. When the sys-
tem can adapt – at run-time – to the environment,
significant savings in computational costs can be ob-
tained [9]. Furthermore, the hardware architectures
have to be extremely efficient as these are used in
battery-operated terminals and cost effective as they
are used in consumer products.

Heterogeneous reconfigurable hardware offers the
necessary flexibility for performing multiple wireless
communication standards and can achieve the perfor-
mance required by the wireless standards. Further-
more, the combination of mixed-grained reconfig-
urable hardware enables energy-efficient implemen-
tations of the wireless standards.

In this paper we discuss the baseband imple-
mentation of a flexible RAKE receiver, used for
UMTS communications, in coarse-grained reconfig-
urable hardware. Reconfigurable hardware offers
flexibility and to illustrate this we have already used
the same coarse-grained reconfigurable hardware im-
plementing HiperLAN/2 baseband processing [3].
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elated work

far most algorithmic level research on reconfig-
lity in UMTS, as for example in the MuMoR [2]
ct, has focussed on multi-mode reconfigurability
able Software Defined Radios (SDRs) support-
ultiple communication standards. The EASY

ct [1] aims at developing a power/cost efficient
m-on-Chip (SoC) implementation of the Hiper-
/2 standard. In the Adaptive Wireless Network-
WGN) project [8], however, we would like to
configurability to allow the communication sys-
o adapt to changing environmental conditions.
fore we would like to study how mechanisms
lgorithms that are used in UMTS can be made
ive to environmental conditions [7] and how
can make use of the flexibility of a heteroge-
reconfigurable architecture.

eterogeneous reconfigurable hard-
are

terogeneous reconfigurable systems might be-
the future of mobile hardware. The idea of
geneous hardware is that one can match the
larity of the algorithms with the granularity

hardware. Four processor types can be dis-
ished: general-purpose processor, fine-grained
figurable hardware, coarse-grained reconfig-
e hardware and dedicated hardware.
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Figure 1. The proposed tiled SoC.

e propose a tiled System-on-Chip (SoC), which
sts of the above mentioned processor types (Fig-



ure 1). The tiles are interconnected by a Network-
on-Chip (NoC). Both SoC and NoC are dynamically
reconfigurable, which means that the programs (run-
ning on the reconfigurable tiles) as well as the com-
munication channels are defined at run-time.

The coarse-grained reconfigurable tiles in the SoC
will be MONTIUM tile processors [4], as depicted in
Figure 2.

Figure 2. The MONTIUM tile processor.

4. Wideband CDMA receiver

The Universal Mobile Telecommunications Sys-
tem (UMTS) standard, defined by ETSI, is an exam-
ple of a Third Generation (3G) mobile communica-
tion system. The communication system has an air
interface that is based on Code Division Multiple Ac-
cess (CDMA). We will investigate the possibilities
of implementing the DSP functionality of a UMTS
receiver in reconfigurable hardware. We only focus
on the downlink of the UMTS receiver at the mobile
terminal in the FDD mode, the most relevant UMTS
properties are shown in Table 1 [5].

Table 1. Downlink UMTS properties.

chip rate 3.84 Mega chips/s
scrambling code length 38400 chips
spreading factor (SF) 4 – 512
output symbol rate 7.5 – 960 kilo symbols/s
modulation QPSK, 16-QAM

Figure 3 shows the baseband processing, per-
formed in the W-CDMA receiver. Since multi-path
fading is a common phenomenon in wireless com-
munication systems, the receiver has to combat for
the effects of multi-path fading. In the UMTS com-
munication system the signals from the strongest
multi-paths are received individually. This means
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he path searcher of the receiver searches for
rongest received paths and estimates the path-
s. Whenever the delay of an individual path is
n, the receiver will perform the de-scrambling
e-spreading operations on the delayed signal.
perations of de-scrambling and de-spreading

so denoted as a RAKE finger. In the Maximal
Combiner (MRC) the received soft-values of

dividual RAKE fingers are combined and indi-
lly weighted to provide optimal Signal-to-Noise
(SNR). The weighting factors of the individual

E fingers are determined by a channel estimator.
AKE fingers in co-operation with the MRC are
RAKE receiver.

gure 3. W-CDMA baseband functions.

plementation

e W-CDMA receiver has been implemented in
geneous reconfigurable hardware. Since most
and processing consist of multiply-accumulate
) operations, the baseband processing of the re-

r was implemented in coarse-grained reconfig-
e hardware, in our case the MONTIUM. The
bling code in the receiver will be generated

simple combinational logic, consisting of shift-
ers and XOR gates. These are typical operations
an be performed in fine-grained reconfigurable
are, like an FPGA. We assume that the control-

ted functionality is performed in the GPP and
des the right information to the baseband pro-
g part of the W-CDMA receiver.
our design the pulse shape filter, which can be
mented as a FIR filter, is implemented in one
TIUM tile. The output streams of the pulse shape
are the input for the RAKE receiver, which is
mented in a second MONTIUM tile.

ommunication Requirements

e W-CDMA receiver will run in ’streaming’
. The implemented receiver can process four
dual paths of the received signal. Conse-
ly, the receiver requires four complex-number
treams for the four implemented fingers. All
mented fingers require the same scrambling
The implemented receiver takes the complex-

er scrambling code stream as an input. The



spreading code is stored in local memory, because
the code is relatively small with a maximum length
of 512 samples. Furthermore, the spreading code is
assigned to a particular user in the UMTS commu-
nication system and, therefore, the spreading code
will not change frequently. The received symbols of
the individual signal paths – fingers – are combined,
while each symbol is scaled with a complex-number
coefficient. These coefficients are provided by the
channel estimator, which is performed on the GPP.
So, the implemented receiver takes the complex-
number coefficient stream as an input. The receiver
outputs a bit stream with the received data.

The implemented receiver needs many input
streams in order to function properly, which requires
large NoC bandwidths. Typically, the average com-
munication bandwidth for processing 4 RAKE fin-
gers with a spreading factor (SF) of 4 is 79.68 MB/s.
The bandwidth requirements for the NoC are summa-
rized in Table 2, under the assumption of minimum
spreading (SF = 4).

Table 2. NoC bandwidth requirements
for RAKE processing (SF = 4).

Signal stream Bandwidth
[MB/s]

data finger 1/2/3/4 15.36
scrambling code 0.96
MRC coefficient finger 1/2/3/4 3.84
received bits 1.92

Figure 2 shows that the CCU is directly connected
to the global buses inside the MONTIUM. The CCU
implements the interface for off-tile communication
and so it guarantees that during ’streaming’ mode the
correct signals are available for the MONTIUM tile.
Figure 4 depicts typical signal activity on the global
buses inside the MONTIUM during RAKE process-
ing. The different signal streams, which are streamed
from outside the MONTIUM, are indicated with char-
acters (’A’ till ’J’) in Figure 4. The MONTIUM is
able to process two RAKE fingers in parallel. The
chips of two RAKE fingers can be de-scrambled and
de-spread in two clock cycles. The typical signal ac-
tivity reveals the regular organisation of the imple-
mented receiver. First one chip of finger 1 and one of
finger 2 are de-scrambled and de-spread, in the next
2 clock cycles one chip of finger 3 and one of fin-
ger 4 are de-scrambled and de-spread. This typical
sequence of signal processing repeats till a complete
symbol (consisting of SF chips) is de-scrambled and
de-spread. The next 5 clock cycles are used for com-
bining the results of the 4 fingers and de-mapping the
symbols to a bit stream. So, in total 4×SF +5 clock
cycles are needed to process one output symbol.

5.2. D

Th
ceive
can b
cycle
MHz
can b

In
sprea
be loa
a con
chang
config

Th
buffe
When
the b
be ch
ries is
be re
the R
lay pr
clock

Th
nal p
The i
4-RA
anoth
Supp
one, t
neede
stream
ure 4)
of fin
can b
comb
config
24 by
memo
frequ
is 100
in 120

5.3. D

Vo
meas
ded s
tion d
linear
age a
shoul
imum
suppl
clock
be sca
the po
ynamic Reconfiguration

e configuration size of the flexible RAKE re-
r in the MONTIUM is only 858 bytes. One tile
e configured for RAKE receiving in 429 clock
s. For a configuration clock frequency of 100
this means that a RAKE receiver with 4 fingers
e configured in 4.29 µs.
case the spreading code changes, and so the

ding factor, the new spreading code only has to
ded in the local memory of the MONTIUM and
stant in the MONTIUM configuration has to be
ed. Loading a particular spreading code and re-
uring the constant costs SF + 1 clock cycles.
e signal streams for the different fingers are
red in local memories inside the MONTIUM.

the delay of one of the paths changes, then
uffering strategy of the local memories has to
anged. The buffering strategy of the memo-
configured with 24 bytes. These 24 bytes can

configured in 12 clock cycles. Consequently,
AKE receiver can update its complete path de-
ofile in 120 ns, assuming that the configuration
frequency is 100 MHz.
e signal activity in Figure 4 shows that the sig-
rocessing of 4 RAKE fingers is very regular.
dea behind the modular, regular structure of the
KE receiver is that it can be easily adapted to
er configuration with for instance less fingers.
ose we want to change the receiver to a 2 finger
his means that finger 3 and finger 4 are no longer
d. The CCU will therefore stall the streaming of

’C’ and ’D’ onto global buses 1 till 4 (see Fig-
. So, the de-scrambling and de-spreading phase
ger 3 and finger 4 (data streams ’C’ and ’D’)
e bypassed and the number of operations in the
ining phase can also be reduced. In total, for re-
uring the number of fingers from 4 to 2, only
tes have to be reconfigured in the configuration
ry of the MONTIUM. Assuming that the clock

ency of the processor tile during reconfiguration
MHz, the RAKE receiver can be reconfigured
ns, which corresponds to 12 clock cycles.

ynamic Voltage and Frequency Scaling

ltage and frequency scaling is an important
ure to control the power consumption of embed-
ystems. In CMOS design, the power consump-
epends quadratically on the supply voltage and
ly on frequency. The main idea of dynamic volt-
nd frequency scaling is that the supply voltage
d be kept as low as possible. Besides, the max-

operating frequency is tightly coupled to the
y voltage level. This means that by scaling the
frequency of hardware, the supply voltage can
led as well, resulting in a quadratic decrease of
wer consumption.



From Figure 4 can be seen that the clock frequency
of the MONTIUM during RAKE processing of 4 fin-
gers is about 4 times the chip rate. Moreover, when
the RAKE receiver is reconfigured to 2 finger pro-
cessing, then the clock frequency of the MONTIUM

can be reduced to about 2 times the chip rate.
Using power estimation tooling, we estimated the

dynamic power consumption of a typical multiply-
accumulate operation in the MONTIUM to be about
0.5 mW/MHz, realized in 0.12 µm CMOS technol-
ogy. Consequently, the power consumption of the im-
plemented RAKE receiver will be 5 mW in 2-finger
mode and 10 mW is 4-finger mode.

An efficient ASIC implementation of a W-CDMA
RAKE receiver was described in [6]. The receiver
was implemented in 0.12 CMOS technology. Ac-
cording to [6], the power dissipation of the ASIC im-
plementation is about 1.5 mW, regardless whether 2
or 4 RAKE fingers are implemented. When we com-
pare the power consumption of the ASIC implemen-
tation with the MONTIUM implementation, we can
conclude that the power consumption of the MON-
TIUM is about 3 to 7 times larger. As expected, the
ASIC implementation is more energy-efficient than
an implementation in reconfigurable hardware, how-
ever, the ASIC implementation is fixed and the func-
tionality of the ASIC can not be changed.

6. Conclusion

We implemented a flexible RAKE receiver in the
coarse-grained reconfigurable MONTIUM processor.
The total configuration file of the RAKE receiver in
the MONTIUM is only 858 bytes. So, in about 4.29
µs one MONTIUM can be configured for RAKE pro-
cessing. One MONTIUM tile only has to be partially
reconfigured to change the number of fingers in the
RAKE receiver. For example, adjusting the number
of fingers from 4 to 2 only takes 120 ns; short enough
to classify as dynamic reconfiguration.

Comparing an ASIC solution with a reconfig-
urable solution shows that the cost of flexibility is a 3
to 7 times higher power consumption.

The MONTIUM architecture showed to have suf-

ficien
pleme
system
MON

mode

Ack

Th
edge
”Sma

7. R

[1] E
[2] M
[3] P

p
c
th
2

[4] P
F
fi
S

[5] H
A
Jo

[6] M
W
v

[7] J.
b
a
IS
la

[8] G
A
th
p
2

[9] L
e
m
C
1

t flexibility and processing capabilities for im-
nting next generation wireless communication
s. In contrast to previous publications, the

TIUM processor was utilized in ’streaming’
for the RAKE receiver implementation.
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Figure 4. Signal activity inside the MONTIUM on the global buses (1) · · · (10).
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