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INTRODUCTION higher clock frequency. Inthe case of FPGASs,
signal routing contributes significant propagation
Early digital processors almost exclusively used bitlelaysand often uses up logic cells.The serial
serial architecturesbecause ofthe high cost of structures tend to hawery localzed routing,often
hardvare. Bit serial machines havéeen to only onedestination. In contrast, the parallel
supplanted by parallel architectunemstly due to machines usually need signals extended across the
thelow cost ofhardware tday. As a result, bit se- width of the processing element. The limited and
rial solutionsare often overlooked irapplications slow routing resources in FPGAs malkbe serial
where they may bthe betterchoice. This is es- processing elements even more attractivesome
pecially true when designing with FieldPro- cases,the ovemall throughputfor a serial design
grammable Gate Arrays. Many tfe elements implemented in an FPGganactually exceedhat
(Eg. multipliers) used in parallel structures will nobf an equivalent parallel design in the same device.
even fit in an FPGA. In those cases where an ele-
ment fits, the routing ®smurces often are FPGA selection and background
insufficient or the resulting design is $tow to be The techniques described in this paper apply to any
an attractive replacement for dedicated functioRPGA, as well as to VLSI designs (which may
parts. benefit fromthe sameadvantages-especially where
high datarates are natecessary). Fdhe purpose
By returning to a bit-serial architecture, itfige- of this project, the CLI 6000 series FPGAs made by
quently possible to pack a relatively complex func€oncurrentLogic Inc (CLI) were selected. These
tion into a single FPGA. A throughput pimove- FPGAsare RAM based,and contain a 56 x 56
ment may even berealized over an equivant array of logic cellsintercainected via busses and
parallel structure implemented iFPGAs. To direct wires to nearesheigtbors. Each cell
illustrate the advantages of bit serial designs fdrasically consists of half adder with a D fligflop
FPGAs , | examine the implementation of an entiron the sum outpuand someextra logic toallow
FIR filter in a single FPGAusing only bit serial other functions to be programmedThe cell is

elements. programmed to one of 64 configurations by a
dedicatedam under theell. Thecells each have
What is Bit Serial? 2 (3 for certain special functions) inputnd 2

Bit parallel designgrocessall of thebits of an in- outputs,all of which are acessible from any side
put simultaneously at a significant hardwaest. of the cell. Each inpuandoutput can belirectly

In contrast, a bit serial structure processes the inpuired to/from any ofthe cell’s four nearest
one bit at a time, generally using the results of theeighbors, or to any of 4 lochlssesvhich extend
operations on the first bits to inflacethe process- to other cells inthe row or column. The local
ing of subsequent bitsThe advantagenjoyed by bussesare broken into segments eight cells long
the bit serial design ishat all of thebits pass and are connected acrossthe breaks by
through the same logic, resaly in a hugereduc- programmable repeaters. The relatively simple cell
tion in the required hardwareTypically, the bit in the CLI array is fairly well suited to the bit serial
serial approachrequires 1// of the hardware structures.

required forthe equivalent n-bit parallel design.

The price of thidogic reduction isthat the serial

hardware takes adlock cycles to executgyhile the THE BASIC BUILDING BLOCKS
equivalent parallel structurexecutes in one. The

time-hardware product, however, fdhe serial The mostbasic functions required for nearly any
structure is often smallethan for equivalent signalprocessor include addition, negatiand de-
parallel designdecausehe logic delays between lays. These blocksan then beised to construct
registers are generally significantly smallefhis the more complicated structures such as
means that the serial machine caperate at a multipliers. In most cases, ing a bit-serial ar-



chitecture simpfies the hardware requiredince
all of the bits passthrough a single bitvide el-
ement. | will discusghe construction othese
basic elements in the next paragraphs.

Bit Serial Adder

A bit-serial adder is constructed using a full add
with registers on both its cargnd sum outputs.
The registered carry output is wirdzhck to the
carry input of that full adder. In operation, the tw
words to be added togethare simultaneusly
shifted least significant bit first into the remainin
two inputs. The carry out from the addition 0
each bit is storednd thenused inthe summation
of the next bit. Ireffect,the carries are held sta;
tionary while the inputs are rippled past. Th
adder is also known as a CaBgve Addebecause
of the nature of itsoperation. The output of the
circuit is registered to mw bit pipelinng. The
resulting latency is one bit timeThe serialadder
must be cleareteforeeach word to avoierrors.
The inputwordsandoutput wordare alaysequal
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Figure 1. Carry-Save Adder schematic and layout. Ce
are: PFDHA= half adder with a register on sum output,each bit of delay dered. Word dkays are con-

PXOND = non-registered half adder , PINV = inverter
(necessary to correct inverted half adder output).

(input A wired to two cells and must be a buss input)

Figure 2. Two's Complement schematic and layout.
FPGA cells are: PFDHA= half adder with a register on
sum output, PFDOR = OR with register on output.

Bit Serial Two’s Complement

The second elementary function required igaat
which will computethe two's complement of the
input argument. Recalling the serial algorithm for
two's complemengstarting at least significant bit
copyeach bituntil first one is encounteretthen in-
vert remaining bits) yields a simple solution. A se-
rial two's complenent circuit is shown in figure 2.
The input should be presented least significant bit
first. The carry(detect)flip-flop must be reset be-
fore eachinput word, since it causethe XOR to
invert the input continously after the firstlogic
one is detected. The output is registered, so the
function has a one bit latency.

Delays

The remainingelementary function is the bit delay
(a bit time is onelock cycle). The delay is useful
for aligning words as well as for producingord
delays rquired bysome ajorithms. Thedelay is
lisimply a D flip-flop insertednto the data path for

structed from astring of bitdelays equal iength
to the number of bits in the word. A samfagout
of a word delay for a filter is shown in figure 3.



out (to next delay and to YIN bus) Multiplication of negative (two’'s complement)
numbers using an unmodified shift-aditjorithm
_’ will yield an error in the upper half of the product.
This error is the result of the inputs not being sign
. extended to account fahe growth of the product
4_
‘__a (number of bits in the product is equal to the sum
in

of the bits in the multiplicands). The seriaput

of the parallel by serial multipliedoesnot suffer

figure 3. Example Word delay from this error since it must be extended to account
for the growth in the product. The parallel (X) in-
HIGHER FUNCTIONS put will suffer if not corrected. Fortunately, the

) ] ] ) correction can be made without addipits to the
The repertoire of functions required to 'mpleme”tﬂwultiplier hardware by recognizing that the sign

FIR filter is rounded ouwith a multiplier and a gytensjon of X, if taken alone, multiplies the serial
column adder, both of whicare constructefom it by either zero or negative one. This result is

the elements alreadjiscussed.OtherDSP func-  gpifted into thdower bits ofthe multiplier during

tions may require additional functions. the course ofthe multiplication. ~ The sign
o extension of the parallel input can @&ecomplished
Multiplier by replacing the most significant adder of the

Multipliers are essential tmost signal processing multiplier by atwo's complement stageThe input
algorithms. The simple serial by parallel multi-of s stage is the bit produgAND) of the serial
plier is particularlywell suited for FPGA imple- input and the sign bit of the parallel input.
mentation beauseall of its routing is to nearest

neighbors with theexception ofthe input. ' The  tpe gnalysis of the correctidor negative inputs
number of cells is proportional tihe number Of o655 that the X and Y inputs do not have to have
bits in the parallelnput. One input of this multi- e same number of bits. The X input is essentially
plier is parallel while the other is bit serial with thesign extended infinitely by thewo's conplement

least significant bit presented first. The output iBlock, and the Y input islependent only upon the
bit serial, also with the least significant bit ﬁrSt'Iength of the serial input. The hardwde the

The architecture of a general serial by parallel m”}ﬁultiplier is independent of the precision of the

tiplier is shown in figureda. This multiplier per- ¢qiq| input. It istherefore possible to sawme
forms the familiar shift-add algehm: the parallel 5 qware in cases where the parallel irgngs not
input is multiplied inturn byeach bit of the serial aaq the precision of the serial input. Trast -
input as it is presente@nd each of thosgartial 44 pe advantageous ihe FIR filter, since lim-
products is added to the shifted accumulation of thg, 4 precision in thecoefficients limits theplace-

previoqs products. The.bitwise_ prqduatesimply ment of the filter's zeros butloesnot otherwise
the logicalANDs of the input bit with each of the . ntribute to noise in the output.

parallel input bits. The shiftg acumulator is

easily constructed bghaining a series ofarry-  he serial multiplier must be clearéefore a new
save adders together sthat inputs to the \yoq s imput to prevent errors. This &specially
accumulator are bit paralleand the sum is e if the X (parallel) input is negative since the
downshifted on each operatiothe serialoutput 4, s complement cauit cannotself clear. No

is then takenfrom the output of the least yier controls are required.  ®edly, the serial
significant bit adder. The output bias thesame input has to be sigextended by the number bits
weight as theprevious seal input bit, yielding @ ' the parallel input (ie to make the numbebit§

latency of one bit. The number of bits in the outpUf, the serial input equal to the number of bits in the
is equal to the sum of the number of bits in each %futput). The output is whys afull precision

the inputs. Since the serial inphés to be of the outpu.
same length as the output, it is extended with sign
bits.
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(note adders have been flipped vertically with respect to the adder shown earlier)

Figure 4 Serial by Parallel Multiplier Architectures and Layouts

The partialproducts presented to the shifting accuand atwo's complementogether. One input of
mulator are generated by the logidellD of the each CSADD is supplied bthe previous stage
input serial bit with each bit of the parallel input.output. The other inputs are supplied diye of
If the parallel input idixed, theAND gatescan be two local bussegthe Y input to the multiplier for
eliminated by connecting the inputs to each addenes, or logic zero for zeroghe parallel input to
directly to the Y (serial) input or tdogic zero the multiplier is programmed by the local bus
depenihg upon thevalue ofthe corresponding bit connections only. The layout used is shown in
in the fixed parallel input. TheFPGA is RAM figure 4c. Alternatively, a multiplier with a &ell
based, sthevalue ofthe parallel input can still be pitch may be createdising a differentayout for
changed by reprogramming if this is don8ince the CSADD adders to allow morparallel input
the coefficients of an FIR filterare nomally bits to fit in the width of the FPGA.
changed infrequently with respect to the data rate, |
chose to take advantage diis simplification. Column Adder
This eliminates the AND gates used to generate tien adder structure capable of simultaneously
product,and more significantly, thdogic required adding morethan two inputs is a desirablénc-
for settingand holding the parallel inputalues. tion. This iseasily accomplished by a tree ofiaé
As a note, a fuher simplification of thefixed adders. Each serial addécarry save adder)
input multiplier is possible by nahg that the combines twdnput streams intone output, hence
adders associated with zerosthre parallel input each level othe tree structureeduceshe number
reduce to a singléelay flip-flop. | chosenot to of serial streams by half, adding one bit time of
implement thateduction tominimize the changes latency in the pra@ess. A calmn adder
required in reprogrammingoefficients to the FIR constructed inthis manner &ws an arbitrarily
filter. The simplified multiplier is shown in figure large number of inputs to be summed together
4b. without a sacrifice in the bit rate. If an odd
number of inputs exist in a levehe oddinput can
The n bit multiplier is constructed in tlf®GA by be passed on the nextlevel via a regier tokeep
stringing n-1 of thecarry-save adders (CSADD) the alignment of the bits. Ibverflow is to be
avoided, one bit of growth must beloaved for



each level irthe adder. Since the inpamd output
must have a similar number of bits, the input mu
include extra sign (guard) bits to prevemerflow.

and interconect for a sevenap filter using the
dunctions developed earlier.

The number ofevels and hence the l@ncy and
number of guard bitfor an ninput column adder

is equal to Log(n) rounded up to an integer. As

with single serial adders, the inpuatsdoutput are
presented least significant bit first. The colum
adder architecture is illustrated in figure 5. A
FPGA implementation designed to match to a stq
of 2 celltall multipliers isshown in figure 6.Note
that the CSADD layouts were optimized for thg
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Figure 5. Example Serial Column Adder Architecture

PUTTING IT ALL TOGETHER:
AN FIR FILTER

The FIR filter is essentially a discretnvoldion
of the input signal with a set of coefficientslath-
ematically, the filter cap be defined as:

K] =S Ci X[k-i

Y
The signalflow cgiagramshown in figure 7 illus-

Figure 6. Portion of Serial Column Adder layout de-
signed to match the outputs of a stack of 2 cell high
multipliers . Each shaded cell group is a carry save
adder. This pattern is repeated to create the first two
levels of the column adder. The remaining levels are
inserted in the 2 x 3 voids left in the resulting layout .

As each word is shifteuhto the filter (least signifi-
cant bit first ofcourse) it is fed tahe first multi-
plier where it is multiplied by § At the same

trates the algorithm ansuggests an architecturetime, The input ided tothe delaychainwhere it is

using the elements creatadove. Theword delays
are insertedfor the ‘Z' delay blocks. The
multiplications shown in thdlow graph corre-
spond to the serial by parallel multipliers witteir
parallel inputs programmed with thalue of the
associatectoefficient. A separate word ldg and
multiplier areused for eaclap in the filter. All of
the summatiormblocks showrare combinedand re-
placed by a coimn adder with ashany inputs as
there are taps. Figureshows an exampliyout

delayed exactly one wotdne interval so it arrives
at the second multiplier on the sawkleck that the
second word is presented tbe first multiplier.
The succeeding words eventually fithe delay so
that theeach of the last n (n=number of taps)
words receivedare simultaneusly multiplied by
the appropriatecoefficients. The outputs of the
multipliers arefed tothe column adder to perform
the summation. Thhatency forthe entire filter is
Logo(# taps) +1 rounded up to the next integer.
This reflectsthe latency of one fothe multiplier



added to the camn addettatency. Thedelays do More taps may be obtained by cascading two
not contribute to thdatency figure, as they are filters. This isdone by adding an &a word delay
used to provide the past inputs to multipliers. to the end of the delay chainfeedthe serial input
of the second filter. The serial outputs of the two

filters are summed gy a serial adder tobtain
the final output. This expansisschemecan be
extended to create any nhumber of tapgigining
chips together via théelay chain and summing
their outputs with a column addefThat column
adder could easily be included one of the devices.

Figure 7. FIR filter signal flow diagram. The filter coefficientsare determined when the de-

oo 7o vice isprogrammed. Thealue of each bit of the
source [g] Serial Multiphier coefficient is determined by connections to a single
g cell (except fotthe coeficient sign bits whicthave
4 L two connetions), so to change a bitnly one cell
ord Dy Serial Multiplier ..., u needs to be updated in thdevice program
Wword DE'f%_V:_ _____________ Serial Multiplier m (assuming thedevice was routed in a predictable
Word Delay Serial Multpiier A-E.T;ult manner). The bit vaks ofthe filter cefficients
1 aredefined bythe connections of each stage of the

Word Deldy Serial Multiplier
P

Word Deldy Serial Multipli D . .
fyd oo TRRVRRRL 1 D multiplier to thecorresponding Yous (for a 1) or

word Dedy [ Serial Multiplier R logic zero bus (for @). Thecoefficient bits are
I serial input ordered on the multipliers sahat the most

Figure 8. Serial FIR Filter as implemented in FPGA Significant bit corresponds to the input end of the
(example has 7 taps). The Coefficients are fixed inpu@ultlpller. Thecoefficientsare ordered in the FIR

to the serial by parallel multipliers. filter so that G is at the input end of the filter.
The CLIFPGAhas afeature which allowspartial
Input, Output and Control reprogramming of the array while the remaining

Both theinput andoutput of the filter are serial portion remainguncional. Thisfeature should al-
data streams with eachvord presented least low changing coeffiients on thdly. Even if this
significant bit first. The inpuwords are of the feature is not usablé;IR coefficients areusually
same length as the output. Th®rd length is changed as a result of a change of context, where
equal to the sum of thevord sizes ofthe input the outputsare meaninigss during the change
(number of bits excludg sign extension required anyway. According tothe CLI data sheets,
for processor), the coefficients (length of complete devicereprogrammingtypically takes
multipliers) and the number of levels in the colummplace in 8ms.
adder. Theword size ofthe input need not be the
same aghat of thecoefficients. The input is sign DESIGN ASSESSMENT
extended to bring it to the same length as the
output. This requirement idue to thenature of The real-estateccupied bythe filter is determined
the serial processing; the inputs need to be as longainly by thelayout ofthe carry-save adders, the
as the outputs. The ®a& few bits due to the number of bits in theoefficientsand thenumber
column adder allowhe column sum tgrow with- of taps in the filter. If the multipliers are
out overflow. The multiplier array must beeset constructed of adders 3 cells widad 2cells tall
beforeeach new word begins to shift. The de- (adders are chained horizontallgne device can
lays, however, cannot be reset siticey hold the contain a 27 tap filter with 12 bdoefficients and
old words. Inthe FPGA implementation, a local 17 bit inputs. Alternatively, if the multipliers are
reset was wired to the array columns correspondimgade of 3 celltall by 2 cell wide adders, one
to to the multipliers andolumn adder instead of device will support up to 18ps with 18 bitcoef-
the global reset. Thatlocal reset was brought out ficients and 25bit inputs. These areespectable
as a control line in addition to thglobal reset results for a single FPGA. Addinal taps are
which clears the filter. easily had by expanding thdilter to multiple
devices as discussed above.



Using the maximum timing parametefi®m the REFERENCES

CLI device specification, | founthe maximum in-

ternal clock to clock delay irthe FIR filter to be [1] P. Denyerand D.Renshaw, VLSI Signal
about 30 ns (attributed tine bus tramsit time on Processing: A Bit Serial Approact&elected Read-
the Y inputs to the multipliers). This translates tangs, Addison-Wesley, 1985.

a bit rate oabout 33Mhz. For the example 27 tap

filter with 12 bit coefficientsand 16bit input data [2] C.R. Rupp, Digital Functionand Praes-
(33 bit output), this means a data rate agsors, work in progress, University of Massachusetts
proaching 1 million words per second. at Lowell, 1992.

Placement and Routing [3] P.J. Graumann and L.E. Turnémple-
The regular structurand compactness dhe ele- menting Digital SignaProcessing Algorithms us-
ments yields a remarlably high utilization of ing Pipelined Bit-Serial Arithmeti@and Field Pro-
around 70%. This figure is arrived at by countinggrammable Gate Arrays, FPGA2, February
the number otells used as logic (not wire cells)1992.

and dividing by the total nufper of cells in the

rectangular areecovered bythe filter. As a [4] ConcurrentLogic Inc., "CLI 6000 Series
comparison, a 25% utilization is consideigubd. Field Programmable Gate Arrays", Data Sheet,
The placemenand routing of theells is critical to Concurrent Logic Inc., December 1991.
obtaining the predicted data ratedlogic density.

Unfortunately, the automatic placemetdol is

incapable of produng satisfactory results, swand

placement is necessary{.he automatic routetoes

a decenfob provided ithas agood placement to

start from. The routed solutiolmowever, is not

optimum. Additionally, the auto routdoes not

connect the multiplier Yand Z busses in agre-

dictable maner, so partiafepragrammingwould

not be possible. Thedinitations could be over-

come bywriting a generatoprogram whichtakes

advantage of the regular structure of the filter to

create a placedand routed database. The

generatorwould havethe addedenefit of drasti-

cally reducing dsign time and probability of

errors.

CONCLUSIONS

In this paper, | havehownthat it is possible to
pack a relatively complesigital signalprocessing
function into anFPGA by using bit serial struc-
tures. Thecost of bitserial architectures in terms
of more clockcyclescan beoffset to some degree
by the shortedelay pathsbetween pipeline regis-
ters. The resulting design is fast enodghmany
applications where a bit serial pess may not
have been considered. The bit serial design
philosophy is extendable to other FPGAA,SI
designs and other placesd is aspplicabletoday
as it was for the early processors.
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