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Aalborg University Denmark
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Abstract—Software Defined Radio architectures for multi-
standard receiver i.e. UMTS and WLAN are proposed in this
work. To extract the 12 and 3 channels of UMTS and WLAN
respectively, we propose Polyphase techniques being usedthe
channelizer. This is a resource efficient way of implementig
the multi-rate filters and further to extract the channels. The
aim of this paper is to present the continuation of our reseath
for optimizing and tunning the system design for the multi-
standard software radio receiver and to illustrate an area éicient
implementation of the Polyphase channelizer, where the taet
chip is a Virtex IV FPGA from Xilinx. The bandpass sampling
technique is used at 630MHz to intentionally alias the comlinied
band of WLAN and UMTS. The polyphase channelizer works at
much lower rate which results in lowering the filter lengths.In the
implementation, different structures for Polyphase chanmlizer
are considered, such as standard structure, symmetric progrty
based structure with shared adders and multipliers structue
and serial Polyphase structure with serial and parallel Mutiplier
and Accumulator (MAC). The complexity analysis (in terms of
hardware resources and operating frequency) of these strugres
is conducted. The Serial Polyphase structure with paralleMAC
is selected since it requires fewer resources and also opéza
at the rate same as input. The FPGA implementation of the
WLAN polyphase channelizer requires 11% of the slices and
14% of the embedded multipliers (DSP48s) and maximum
operating frequency is 101.930MHz, which is above the desid
operating frequency of 90MHz. UMTS channelizer requires 3%6

of the slices and 15% of the embedded multipliers (DSP48s).

Its maximum operating frequency is 102.566MHz, which is
above the desired operating frequency of 70MHz. Finally, te
upsampler(UMTS) requires 11% and 8% of Slices and DSP48s
respectively which can be operated up to 98.96MHz.

I. INTRODUCTION

Recent developments and increasing trend toward a single
device integrating several features and capabilities @age

the companies and research centers to develop the multi-
standard multi-mode "all-in-one” front-ends. High level
of integration and small size are precedence objectives in
these types of mobile applications. In order to acheiveeahos
objectives it is feasible to move most of the data processing
to digital domain through shifting the analogue to digital
converter (ADC) as close to antenna as possible [1]. This
imposes more stringent performance requirements on the
analog-to-digital (A/D) conversion, where a high dynamic
range must be combined with a high sampling rate [2].

‘ SATELLITE ‘ ‘ DvB, DAB ‘ ‘ GSM, 3G, ‘ ‘BLUETOOTH“

WIMAX ZIGBEE

UMTS Downlink //;

WLAN Downlink

User
Equipment (UE)

Fig. 1. A scenario of multi-standard multi-mode "all-in&nfront-ends user
equipment. It highlights the user equipment capbale ofivemetwo standards
i.e.UMTS and WLAN.

A software-defined radio (SDR) system is a radiqhjs paper is a continuation of our research in the domain
communication system which can tune to any frequency bagdl Multi-Standard Software Radio Receiver (MSSRR). A
and receive any modulation across a large frequency spectrscenario of multi-standard multi-mode is shown in Fig. 1.
by means of a programmable hardware which is controllgthis scnario has been scale down to the UMTS and WLAN
by software. A Software radio is an enabling technologtandards, [1] which actually fits to the mobile application
for future radio transceivers, allowing the realisation ofphe RF spectral location for UMTS and WLAN standards
multi-mode, multi-band, and reconfigurable base statioR$e shown in Fig. 2. UMTS has a bandwidth of 60MHz for
and terminals. However, considerable research efforts ag@lvnlink having 12 channels and WLAN has 84.5MHz of

breakthroughs in technology are required before the idag{ndwidth having 3 non-overlapped channels. It is requtived

software radio can be realised. An ideal software radio XISBownsample and to downconvert these channels to baseband.
samples the signal at Radio Frequency (RF), just after the

antenna, whereas the realizable version of the softwaiie rafl- Architecture for Software Radio

is the one that solve the problem of sampling the RF signalThe selection of the hardware architecture is not easy
(according to minimum nyquits criteria, i.e. to sample d&br SDR based applications in an era where the number of
twice the maximum frequency of the incoming signal). transistors in an integrated circuit are increasing by tofaaf
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Spectrum Allocation for UMTS &WLAN
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to have non-overlap alaises. Todays technology set a lomit t
achieve such a high sampling rate. Significant improvement i
ADC performance is required for sampling at RF.
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Fig. 2. Spectrum Allocation for UMTS and WLAN standards. UBIhas

a bandwidth of 60MHz for downlink having 12 channels and WLABs a ,E

84.5MHz of bandwidth having 3 non-overlapped channels.
LNA

Analog Digital

two every second year (Moores Law) as shown in the Fig. 3.

As signal processing tasks (the algorithms) are gettingemor Fig. 4. Bandpass sampling archhitecture of Software DeffRadio

and more complex which is at the same time putting high

requirements on the technologies platform with increasifgfféct conversion which is shown in Fig. 5, also sometimes
demand of the MIPS (million of instructions per second). Sealled zero-IF, due to the lack of an intermediate frequency
the software solution for SDR makes it possible to make t§@nverts the received RF signal direct to baseband. Thiaris p
transition from dedicated, single-purpose hardware (ASicicularly attractive for the use in wireless systems, efigc
etc.) to highly versatile general-purpose hardware such igshandsets since direct conversion receivers lend theesel
FPGAs and DSPs, and even to general-purpose proces$apse easily to monolithic integration than heterodyne éech
whose functionality is defined solely by their software cgnfi tures, since the IF components are replaced by lowpassfilter
uration. This in turn paves the way for high-volume/lowmos'ﬂmd baseband amplifiers. Direct conversion exhibits imtguni
production, making it financially viable to embed autonomod© the problem of image since there is no IF [5]. There are a

radio communication devices in a wide range of new kinds 8f/mber of design issues associated with the direct comrersi
devices and applications [3]. architecture. The most serious problem is DC offset in the

baseband, following the mixer. This offset appears in the

middle of the downconverted signal spectrum, and may be
larger than the signal itself. This phenomenon can be caused
by local oscillator leakage and self-mixing [5].

LOWPASS
FILTER 1

Base Band

LOWPASS Q
FILTER

No. of
transistorg
onaniC

Moore’s Law:

101 The packing density of
transistors on an IC are
increasing by a factor of
two every second year

Cognitive Radio

RF SECTION
, Software Defmed .| BANDPASS
106 Radio FILTER

1008 Digital Radio

1ob Fig. 5. Bandpass sampling archhitecture of Software DefRadio
50 PP 7000 210 Years Bandpass sampling architecture does not require additiona

circuits for downconversion prior to quantization [4]. $hi

Fig. 3. Gorden E. Moore Law: The number of transsitors areeeming ; ; ;
by a factor of 2 after every 18 to 24 months, due to increasiagahd of leads to all the processing required for bandpass sampling

applications. The complexity of the overall systems areeiasing but with architecture to be implemented on FPGA which can be re-
the demands of minimum cost, minimum size, faster execuiioa and least configured to different radio configuration. A software kadi

power dissipation. receiver architecture is presented in [1] which is shown in
Fig. 6.

Bandpass sampling and direct conversion are two receiver

architectures that are suitable for software radios [4]e Th Il. SYSTEM DESIGN

sampling of bandpass signals can be carried out at ratefolyphase channelizer are most efficient in term of com-
lower than conventional lowpass Nyquist sampling, causimgitations and required hardware resources as compared to
intentional aliasing the signal. Bandpass sampling caowall standard channelizer [4]. Based on the unique featureseof th
for received signals to be digitized closer to the anteniragus polyphase channelizer, we have choosen it, to implement the
manageable sampling rates and hence could be favourableSgstem Design. The relation between the sampling frequency
downconversion in software radios. The bandpass sampling @éhannel spacing and number of channels for the polyphase
chitecture is shown in Fig. 4. According to bandpass sargplirchannelizer is [6]:
the sampling frequency should be twice the signal bandwith f. = NxAf (1)
rather than twice the maximum frequency component as in the s

case of Nyquist sampling. So the sampling frequency for théhere f, is the input sampling frequencyy is number of
combined band of UMTS and WLAN must be atleast 749MHezhannels/transform size aniif is the inter channel spacing.
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Fig. 8. System block diagram having spectrum translatiéor po UMTS and
Fig. 6. The proposed architecture of the software radio,reiisampling is WLAN channelizers. UMTS channelizer is followed by ArbityaResampler
done at RF just after the LNA which is the only analog comporerthis to achive the target rate of 61.44MHz.
architecture.
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fs2
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>

. ) WLAN band aliases to 36-120MHz and UMTS aliases to
There are two constraints that have to meet, one is that $1%9.280MHz in the Nyquist zone. WLAN band is spectrally

(V) number of channels should be an integer, and secofgerted. Bandpass sampling alaises are shown in Fig 9.
that the channels to be down-sampled and down-converted

to baseband should be centered on to the multiples of thfgndpass Sampling : A band including mult (UMTS & WLAN) is undersampled @ 630MHz

and the Nyquist frequency band (0-315MHz) contains the aliases of the standard signals. The aliases of

channel Spacing or on to the mu|t|p|e of quarter of theirthe combined band of 374MHz are overlapped, but individual UMTS and WLAN bands are non-
overlapped. The WLAN is spectrally inverted in the Nquist frequncy zone.

channel spacing respectively. The complete system hayve pEE T

peen designed with sgmpliqg frequency SZIOMHZ which Sy 3

is selected after examinig different sampling frequenbgt t _

fulfils the two contraints. This design is explained in [1hda r

the block level diagram is shown in Fig. 7. ! [ R
] | I i LI
3fs/2 5fs/2 3fs 71s/2 Afs  (MHZ)

2fs

Channel Selector

WLAN M
N
Combine band of UMTS & | sawpLER | PolYPHASE || | ] Fig. 9. The combined spectrum of UMTS and WLAN is bandpasspézan
WLAN (2110 - 2484) MHz (36-120) MHz 120 MHg | CHANNELIZER ) | meseband | at 630MHz, and the resulted aliases in the Nyquist zone. WLals is
Output rate Frocessine | spectrally inverted.
@20 MHz DSP
Bandpass Sampling o
@iz I T e At 630MHz, polyphase channelizer for WLAN has 21
e | channels of 30MHz and UMTS has 126 channels of 5MHz,
iz —> .
uwrs o i but the required channels for WLAN and UMTS are only 3
Output rate . . " .
@sa4 Wz and 12 respectively. This puts an extra load on the filtering

process in terms of high clock speed requirement and large
memory storage for filter coefficients. One of the techniques
is to resample the data before the polyphase channelizer as
In this design, Polyphase channelizer is not used to ghown in Fig. 8 in a similar way as it has been explained
level best advantages of extracting all the channels at tine[1]. The sampled signal can be resampled by large factors
same time. This is due to the fact the different standardach that the resultant sampling frequency is above the
have different channel bandwidth and inter-carrier sgacintotal signal bandwidth, if the incoming signal is image free
Even for one of the standards, all of its sub-channels are Adte resampling process in this case is simply the spectrum
converted at the same time. This is due to the unequal chanimahslation [4]. Based on this technique, the WLAN and
spacing (offset from the DC). The polyphase channelizer caiMTS bandpass filters are made complex and the resultant
be used to its level best features that is extracting all ef timage free signals for WLAN and UMTS are tried by
channels for any standard, by having a heterodyning at thifferent resampling factors to have the minimum possible
input of the polyphase channelizer, and heterodyningararrsampling frequencies, So finally the resampling factor come
is selected such that the translated channels have equalto be 7 and 9 for WLAN and UMTS respectively and
channel spacing. This case will result in extracting all the summerized in Table I. This results in a new sampling
channels of a standard, just by using standard polyphdssquency of 90MHz for WLAN, with 3 channels of 30MHz
channelizer, not by its variant to compensate the offsets arfid it fits well to the non-overlapped channel criterion. In
multiples of quarter of channel spacing which is explaineatder to have desired WLAN rate of 20MHz, an embedded
in [1]. These modifications result in an optimized systemesampling factor of 9/2 is required. For the case of UMTS,
design of MSSRR and is shown in Fig. 8. with 9 being the resampling factor, it results in the new
The combined band of WLAN and UMTS is bandpassampling frequency of 70MHz which will have 14 channels of
sampled at 630MHz and its aliases are overlapped but th&1Hz band. In order to have target UMTS rate of 61.44MHz,
individual bands of UMTS and WLAN are non-overlappedJMTS channelizer is used as maximally decimated system

Fig. 7. System block diagram having re-samplers prior to [ 8ihd WLAN
channelizers.
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to have the output of 5MHz, which is further upsampled teeen to be a constant offset of -2 modulo 3 within a sequence

target rate of 61.44MHz by using an arbitrary resampler as well as in the transition between sequences. The -2 offset

shown in Fig. 8. is a consequence of the 1-to-2 up sampling represented by
the zero packing but not actually implemented in the pracess

Cases | Sampling rate | Channel Spacing| No. of
(MHz) (MHz) Channels
UMTS 70 5 14 State Machines for Register Load Sequence
WLAN 90 30 3 State | No. of Inputs | Loading Sequence
TABLE | 0 5 R1, RO, R1, R2, RO
SPECIFICATIONS FOR THE CHANNELIZER FORJMTS AND WLAN 1 4 R1, R2, RO, R1
TABLE Il

POLYPHASE FILTER S DATA LOADING SEQUENCE FOR THEWLAN WITH

After bandpass sampling, individual WLAN channels are THE STATE MACHINE
centered at (48, 78 and 108)MHz, and translated to (-42,
-12 and 18)MHz after downsampling by a factor of 7 which

are further a“gned haV'ng equal Intel’-channe| SpaCIn@ W|t Polyphase Input Data Registers Polyphase Input Data Registers
respect to zero by digital down-conversion resulting the o [s 2 ° 8 5 2
channels centered at (30, -30, 0)MHz at 90MHz of sampling 1 3 1 [e 6 3
frequency. The modified channelizer for WLAN is shown in —L{‘ 4 1 —L+ 7 4 1
Fig. 10 with reduced numbers of polyphase sub-filters. ® ®)
Polyphase Channelizer (WLAN) Fig. 11. Successive serpentine data shifts in polyphaseamyeand data
i load for 9:2 re-sampling in a 3-stage polyphase filter. Itvghowo data load
o Polyphase Pariion %G operations.
o —
¢1é= . Because of the 1-to-2 up sampling implemented by the zero

|
1
|
1
i
! )
! L] D
1
1
1
1
1
1
|

XIn]

> packing, only one half of the weights in each stage actually
contributes to the subfilter output. Thus each stage is déuarth
partitioned into 2 sub sets of weights, which results in altot
of 3 x 2 = 6 filter weight sets. These sets are denoted by
CO, C1,...., C5 where the integer is the starting index from

Fig. 10. WLAN channelizer. the original non-partitioned prototype filter. Table 1§t the

filter assignment to the 3-successive data registers foatess

For WLAN, with sampling frequency of 90MHz and channePf the process. It shows that in a given state the successive
spacing of 30MHz, the number of channels becomes figer index increments by 4 modulo-6 and between states, the

which is the number of the polyphase decomposition. filter index increments by 9 modul_o-6. The integer 4 is the_
achieve the target rate of 20MHz, a downfactor 9/2 pffset between two data samples in the zero-packed load in
required which is embedded in the polyphase arms. This ty¥o adja_cent_rows. The 9 index is the number of zero-packed
realized by upsampling the data with zero packing and thégt@ points introduced per data load cycle. The prototype
downsampling by serpentine shifting the data through the
filter in stride of length 9. The process is illustrated footw

Yin]

State Machines for FILTER Co-efficients

. : I s State | Filter Co-efficients sets
data load iterations in Fig 11. 0 CO, C4, C2
There is no actual zero packing in the final configuration. 1 C3,CI, C5
In the first data load, 5-actual data samples are delivered to TABLE Il

the 3 register addresses, while in the second load 4-actualter Co-EFFICIENTS LOADING SEQUENCE WITH THE STATE MACHINE
data samples are delivered to the 3 register addresses. The

data loading procedure is found to be periodic in 2-load

cycles for which it will require 2-states to control the pess. filter has to be designed to operate at 2 tinfe®r 180 MHz
(The least common multiple of 3 and 9 is 9, and since @e to up sample the data by a factor of two on the way
zeropacked inputs are delivered at a time, results in 1sstateto the filter. Consequently, the filter becomes two times
For upsampling factor of 2, the LCM of 1 and 2 becomdsnger than the standard design but since only one-half of
2, which is the periodic interval). Table Il lists the memoryt is used per processing cycle so no processing penaltyds pa
loading instructions for the process that anchors the data

registers and cycles the data load and coefficient sets. NoteUMTS case, after bandpass sampling individual channels
that in the 2-states, a total of 9 inputs are delivered andc2ntered at (222.5 to 277.5)MHz are translated to (12.5 to
outputs are taken from the polyphase engine to realize tB2.5 and -32.5 to -2.5)MHz by downsampling by a factor of 7
desired embedded 9/2 resampling. The loading schemewisich are further aligned having equal inter-channel spaci
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with respect to zero by digital down conversion resultinfprward from (R13,...R0) as shown in Table IV.

the channels centered at (15,20,25,30,35,-30,-25))Mb{z
at 70MHz of sampling frequency. The modified channelize

=

State Machines for Register Load Sequence

for UMTS is shown in Fig. 12 with reduced numbers of_State

No. of Inputs

Loading Sequence

14

R13, R12, R11, R10, R9, . . . R1, RO

polyphase sub-filters.

Polyphase Channelizer

Polyphase Partition

o214 1
|
[ w F—0—
I

1(2w/14)
¢ i
I

: a——

g22w14) H»

2 I

o &)

XIn]

an@Ew1a

1441
&

Polyphase Filter Bank

TABLE IV

POLYPHASE FILTER S DATA LOADING SEQUENCE FOR THEUMTS WITH

THE STATE MACHINE

Arbitrary polyphase upsampler is an interpolator filter hwit

upsampling factor of 16/1.302083. The 5MHz signal is
upsampled to 80MHz and then downsampled by 1.302.
The prototype filter is designed at upsampled frequency
i.e. 80MHz and partitioned into 16 sub-filters. An efficient

implementation structure of 1:M polyphase interpolator as
described in [8] is shown in Fig. 14. As seperate filters all
contain the same input data and differ by only their unique
coefficient sets, so the M-path version of the polyphase

filter can be replaced with a single stage filter with M-

Fig. 12. UMTS channelizer

coefficient sets that are sequentially presented to the fite

compute successive outputs. In this case, coefficient sets a

In UMTS channelization, with the sampling frequenc e
of 70MHz and channel spacing of 5MHz, the number i
channels become 14 which is the number of the polyphase
decomposition. The exact target rate of 61.44MHz cannot be
achieved by embedding the resampling in the polyphase arms,
so the resampling process is achieved in two steps. Fimst, th

channels are downsampled to 5MHz by using the UMTS

channelizer in maximally decimated mode and is achieved
by the shifted the data through the filter in stride of length

14 same as polyphase partition. This process is illustrated

quentailly incremented with step size of 1.302 modulo 16
get the target sampling rate.

X(n)

y(m)
H.(2)

A

:

o H(1+nM)

for one data load iteration in Fig. 13 and the remaining data o
load will be similar. Next in the second step, 5MHz signal is
upsampled to the target rate by using arbitrary interpalato

/
/
/
/

o—{ H(M-1+nM)

Polyphase Input Data Registers Fig. 14. Efficient Implementation Structure of 1:M Polypbadsterpolator

11 Ill. | MPLEMENTATION

5 In the implementation phase, polyphase channelizers are
analyzed in terms of the required components, consisting of
demultiplexer as commutator, a filter bank having polyphase
filters, and finally the coherent phase summation. There are

——— NOoOOOhAhWON=O
N
(@]

different structural techniques which can be used to carry
11 3 out the implementation. To select the best technique for
12, 2 the designed receiver, general polyphase structure, @giim
13— 1

structures - symmetric property based structure, addeedha
structure, serial polyphase structures with serial ancligr
MAC are considered. Based on the complexity analysis as
shown in Table V, serial polyphase structure with parallel
MAC is selected for the final implementation, as shown in
Here in polyphase channelizer acting as a maximalkig. 15.

decimated filter, the data loading procedure is found to Ie the individual sub-filter implementation, different ihep
periodic in 1-load cycles for which it will require 1-statementation structures are considered. These being Parallel
to control the process. So register loading is very straightultipliers and Accumulate, Distributed Arithmetic, F&IR,

Fig. 13. Data load operations in a 14-stage polyphase fliteshows just
one data load operation and remaining load operation wikibglar.
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Cases # Mults #Adders | #Regs ggzgfj polyphase filter bank has 3 sub-filters each having lengtt®of 1
taps. We will focus to the design of polyphase channelizer fo
%?g’ﬁggjsee?;ﬁ)ral N (NM)-DM N M WLAN. (The polyphase channelizer for UMTS will be little
Symmetric form N2 (NTM)-D)M N 27, /M modification of the WLAN channelizer interms of polyphase
(Shared Multipliers) filter bank, and state machine based controller.) The basic
Symmetric form N/2 ((IN/IM)M)/2 Nx2 | 2fs/M  design parameters are:
((g(sgzrdeedrsl\)/lulnphers . In_put Data-V\{io_Ith: 16 Bits _(1 sign , 7 Integ_er, 8 Fraction)
Serial Polyphase « Filter's Coefficient Data-width: 12 Bits (1 sign, O Integer,
(Serial MAC) 1 1 N Fs(N/M) 11 Fraction)
Serial Polyphase « Input data is complex and Filter Coefficients are Real
(Parallel MAC) N/M (M/N)-1 N | fs « Complex Phasors : 16 Bits (1 sign , 1 Integer, 14 Fraction)
TABLE V « Complex Output : 28 Bits (1 sign , 9 Integer, 18 Fraction)
COMPLEXITY ANALYSIS FOR POLYPHASE FILTER BANK IN TERMS OF . . .
MULTIPLIERS, ADDERS, REGISTERS AND CLOCK REQUIREMENTS The serial polyphase structure with parallel MAC is sptitte

in to sub-blocks as shown in Fig. 15. It consists of:
« Shift Register Bank: To store the incoming data for each

L sub-filter
Sampled Data _— Shift-Registers Bank . s A . . .
r o Filter's Coefficient Bank: To store the filter coefficients
! {} « Decoder: To generate and decode the control signals
! Parallel Multipliers and H Mt HAccumulator hﬁw for .operating sgb-module§ pf the channelizer like shift-
| f? % x ba register bank, filter's coefficient bank etc.
! ' ' « Parallel Multiply and Accumulate : To perform the convo-
- Coefficient Array i i lution operation between sub-filter's data and correspond-
L ! ! ing cofficients.
Decoder (State-machine based C ) « Phasor Multiplication : To perform the beam forming
operation. The phasors are selected based on the signal
Fig. 15. The basic building blocks of Serial Polyphase Cletiner with generated by decoder.
Parallel MAC. It consists of Shift Register Bank, Filteréificient Bank, . it
Parallel Multiply and Accumulate, Phasor MultiplicatioAccumulator and ¢ Accu_mUIator - To p_erform the addition of the beam
Decoder (state-machine based controller) to control therifily operation. forming process. It is reset after every coherant phase
summation.

The decoder and the control sequence act as a commutator
Frequency domain filtering and Multiplier less filtering ltec to the polyphase sub-filters. In Shift-register Bank, thare
nigues. Each structure and its variants are analyzed instershift-register arrays equal to the number of the polyphabe s
of hardware resources. The analysis is based on the apprfiters which are multiplexed to give their output to the plela
imation for the area requirements for multipliers, adderd a multiply and accumulate block. In polyphase channelizer fo
registers etc [4]. The focus of the above techniques is to U8& AN, there are 3 sub filters, so we need to have 3 shift
multipliers as little as possible, to save the area. But due register arrays each of length 10. The data loading oper&tio
technology advancement, the modern FPGAs have dedicatedtrolled by the control sequence generated by the decoder
multiplier blocks which are more efficient than the CLB-The input data is fed to all the shift-register array, but get
slices based multipliers, mainly in terms of operating spedoaded only in one, activated by the control sequence. So in
and reduced power requirements. Xilinx FPGA, Virtex-I\order to have a shift-register bank, we need to have shift-
has XtremeDSP blocks that can perform multiplication up tegister arrays and multiplexers, as shown in Fig. 16.
500MHz. The system performance is increased by using thésethe hardware implementation, seperate modules for mul-
blocks. Each XtremeDSP block has two DSP48 slices [9]. tiplexer, decoder and shift-register array are formedietkes
The hardware consist of two fundamental blocks, bandpaasd integrated to form the shift-register bank. In shifiiséer
filters, and polyphase channelizers for UMTS and WLAN. Tharray, registers are cascaded to form an array. On every
design process includes system breakup into function#d imi activated clock cycle it shifts the data to the next register
top-down fashion. Each functional unit is further splitted intdn the row. In the decoder (state-machine based contrpller)
smaller processing blocks. Each functional block is coded ¢ounters and comparators are used to generate and keep track
VHDL and simulated in ModelSim. All the functional unitson the output controlled sequence. In polyphase chanmelize
are then interconnected together irbattom-up approach to for WLAN, after feeding data samples to the shift-register
get the final system. The system is tested and verified with thank, the operations of coefficient multiplication, adufitand
MatLab generated data. At the end, resource utilizatiomef tphasor multiplication are performed. The array registees a
target chip is presented. loaded in a cyclic fashion, so their addresses are generated
In the polyphase channelizers, UMTS polyphase filter bask hiay another counter. Now the blocks are combinedtbottom-
14 sub-filters each having length of 11 taps, whereas WLAND fashion to form the register-bank. It uses 3 shift-register
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Fig. 18. Complex phasor multiplication with complex MAC datt requires
“ Iy Iy two clock cycles, one for four(4) multiplications at a timedaone for two(2)

addition/subtraction.
To Parallel Multiplier and Accumulate block

Fig. 16. Shift-register bank, consisting of shift-registerays and multi- ]
plexers. Three(3) shift-register arrays of length ten(a® multiplexed to In the accumulator block, the phase coherant summation take

et sty e By e coney PIACE. I I reset atfer accumulating every 3 operations of
sequence generated by decoder. the phasor multiplication block, to accumulate for the new
output sample. Accumulation process is also controlled by
state machine based controller to synchronized it with the
arrays, 10 multiplexers and 1 decoder. MAC and phasor multiplication operations.
In the parallel multiplier and accumulate block, multipdie In the top-level module, all the sub modules are combined
equal to the sub-filter's length are required. So 10 muttiplto form the final polyphase channelizer for WLAN. Filter
ers are required. To accumulate the products (from shamkfficient bank, and the phasor coefficient bank are imple-
multipliers) summer tree network is used. They are operatawented with storage registers. They can be implemented by
in pipelined stages to increase the throughput, as shownuising dedicated memory block in the FPGA.
Fig. 17. In the first stage, all the multiplication operasare The module is finally tested and verified by the fixed-poinadat
performed at once and then in the next four(4) stages, ptedugenerated by MatlLab for the WLAN channels. The resource
are accumulated to form the output. utilization of polyphase channelizer for WLAN is tabulated
Table VI. The resource utilization is small in terms of Stice
I and it uses 14% of the embedded multipliers (DSP48s). The
maximum operating frequency comes out 101.930MHz, which
is above the desired operating frequency of 90MHz.

Resource Ultilization for WLAN Channelizer

Selected Device Virtex-IV 4vsx35ff668-10

Number of Slices: 1842 out of 15360 11%

Number of Slice Flip Flops] 2261 out of 30720 7%

e Number of DSP48s: 28 out of 192 14%
TABLE VI

RESOURCEULTILIZATION : IT IS SMALL IN TERMS OF SLICES, AND IT

Fig. 17. Parallel multiplier and accumulate block: It requi0 multipliers USES14%OF THE EMBEDDED MULTIPLIERS(DSP48&).

and summer tree network. They are operated in pipeline@stagncrease the
throughput. In the first stage, all the multiplication opienas are performed
at once and then in the next four(4) stages, products areratated to form

the output.

The module for UMTS channelizer along with arbitrary
In phasor multiplication block, the phasors correspondimg polyphase interpolator is also implemented, tested aritiecbr
the channel desired at the output, is already stored in Bolyphase channelizer has 14 sub-filters each having 11 taps
array. They are accessed by the control sequence same asndf arbitrary upsampler filter partitioned into 16 subfdte
the sub-filter bank, but with the delay equal to the pipelineach of length 11 taps. The resource utilization of polyphas
operation. By having different channel phasors, storedrisiya channelizer for UMTS is tabulated in Table VII. The maximum
different channels can be obtained at the output. The phasperating frequency comes out 102.566MHz, which is above
multiplication is a complex data operation which requirethe desired operating frequency of 70MHz.
two clock cycles, one for four(4) multiplications at a timerhe resource utilization of arbitrary polyphase interpaidor
and one for two(2) addition/subtraction as shown in Fig. 18IMTS is tabulated in Table VIIl. The maximum operating
The phasor multiplication process is pipelined to increage frequency comes out 98.961MHz, which is above the desired
system throughput. operating frequency of 80MHz.
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Resource Ultilization for UMTS Channelizer

Selected Device

Virtex-1V 4vsx35ff668-10

Number of Slices: 5202 out of 15360 33%
Number of Slice Flip Flops] 6367 out of 30720 20%
Number of DSP48s: 30 out of 192 15%

TABLE VIl
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RESOURCEULTILIZATION : I T REQUIRES33%OF SLICES, AND 15%O0F
THE EMBEDDED MULTIPLIERS(DSP48).

[1]
Resource Ultilization for UMTS Upsampler

Selected Device Virtex-IV 4vsx35ff668-10 [2]

Number of Slices: 1242 out of 15360 8%
Number of Slice Flip Flops] 1677 out of 30720 5% [i]
Number of DSP48s: 22 out of 192 | 11% 4l

TABLE VIl
RESOURCEULTILIZATION : IT REQUIRES8% OF SLICES, AND 11%OF THE [5]
EMBEDDED MULTIPLIERS(DSP4&).

[6]
IV. CONCLUSION [7]

We presented a dual-standard software radio receiygr

system design.
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