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conventional methods to pipeline serial/parallel multipliers (SPMs),
and demonstrates that this technique results in inefficiency in some
of the circuits. In these cases, a new alternative to pipelining is also
proposed. In Section IlI-B, a mechanism of asynchronous clear or
set of the registers is presented. It reduces the area of some bit-serial
multiplier versions. Finally, a modified structure that diminishes the
logic depth is explained in Section IlI-C.

Abstract—This paper presents an efficient implementation of digit-se-

rial/parallel multipliers on 4-input look-up table (LUT)-based field pro-
jrammable gate arrays (FPGAs). This subset of FPGA devices hide indi-
vidual gate delays and add important wiring delay. These two facts produce
important changes over the theoretical advantages of each topology. Archi-
fectural transformations are applied to obtain topologies with minimum
logic depth and where the maximum clock speed is limited by the FPGA
technology. The main results of applying those transformations to the dif-
ferent multipliers have been quantified for Altera FLEX10K family, and
the conclusions have been extrapolated to other FPGA families.

Il. SERIAL/PARALLEL MULTIPLIERS (SPMs)

SPMs are embedded in digital signal processing (DSP) blocks to
compute the multiplication of a coefficient by data. The coefficient is
expressed in parallel form while the data enters to the multiplier as a
serial stream.
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Fig. 2. Bit-serial DPSPM.

From the FPGA implementation point of view, where logic isecond does [4], [5], [14 ]-[18]. Their bit-serial circuits are shown
mapped into look-up tables (LUTs), there are two alternatives Fig. 1.
to compute single precision serial/parallel multiplication of two’s The computational scheme of SPM-I can be used to design the
complement numbers. The main difference between them is ttieuble precision SPMs (DPSPMs) [6], [7], [19]. A bit-serial DPSPM
way to process the sign-bit of the input data. In this paper, themedepicted in Fig. 2. The goal of this circuit is to maintain the
two alternatives are named SPM-I and SPM-II. The first does ntitroughput without either adding the extra clock cycles to insert zeros,
extend the sign bit of the input data [4], [11], [12], [13] while theor extending the sign-bit.
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TABLE | C1
RESULTS OF THEFPGA-IMPLEMENTATION ﬁ i
% 3-INPUT LUT
Circuit | N fo |Twoms)] fi [AEs)| LD | Ef AxT | Ef AxT ) % ;-, 8 UTLu
(bits) | (MHz) (MHz) (LEs) VoL
1 [1053] 72 6.6 35 2 4.99 841 :
SPM-I | 2 952 | 82 | 119 | 53 2 4.45 6.47
4 532 | 165 | 133 | 87 4 6.54 835
8 26.2 35.9 13.1 157 8 11.85 13.68 4-INPUT LUT
1 125 | 34 | 83 33 2 3.96 6.84 +FF
SPM-II | 2 88.5 9 111 | 50 2 4.52 6.69
4 543 | 161 | 136 | 84 4 6.18 7.95
8 262 | 358 | 131 | 153 8 11.66 13.49
1 571 | 152 | 71 64 3 8.96 12.32
DPSPM | 2 63.7 | 134 [ 159] 80 3 5.02 6.53
4 442 | 203 | 221 | 111 5 5.02 6.10
8 255 | 369 | 255 | 187 9 7.33 827 ‘
' 3-INPUT LUT
Il. | MPLEMENTATION: MAPPING ONK = 4 LUT-BASED FPGAs /
The digit-serial/parallel multipliers presented in previous section
were implemented using an EPF10K50-3 FPGA [10]. Each multi- < ~, 3-INPUT LUT
plier family uses 8-bit data and coefficients. Their versions include :
digit-sizes of N = 1, 2, 4, and 8 bits. The place and route of the
e . . . 2-INPUT LUT
circuits was performed using the default options of the tools, excepting

e +FF
the indication of the wires that require fast carry lines [10]. Every »

circuit version was evaluated according to the following parameters: The

maximum clock frequencyf(); maximum propagation delay§..);

maximum sample frequencyf{); area {); logic depth {D); and

finally, the area-time product{ x 7). In Table I, the implementation

results of the SPM-I, SPM-II, and DPSPM are presented, and the first

area.-tir_ne figure can be obtained. _ 3-INPUT LUT 1T
It is important to remark that some of the theoretical advantages +FF |

of DPSPM circuits are hidden by an FPGA implementation, the tech-

nological framework selected in this work. For instance, theoretically

the clock frequency of both SPM and DPSPM for the same digit-size — " PSC

should be identical. Thus DPSPMs should double the sample rate with

respect to SPM§ (becguse the former dp not require to insert extraze- o Multipliers cell separated in LEs: (a) SPM-I: (b) DPSPM.

roes). However, in the implemented versions, SPMs run faster than DP-

SPMs. Thus the resulting sample rates of DPSPMs are just only a little

bit higher (see Table I). This effect is a consequence of the fixed struc- TABLE I

ture of the selected FPGA: a matrix organization in which each element ~ REQUIREDLUT-SIZE TO ACHIEVE A LOGIC DEPTH REDUCTION

is a 4-input LUT. So, the circuits have to be divided into 4-input func-

tions in order to be implemented. The logic depth of SPM and DPSPM N{;‘gﬁ’;’ D’g”'sllze ® k'[%UT LD (ILES)

is 2 LUTs and 3 LUTS, respectively, as can be seen in Fig. 3. The logic SPM.IT 7 5 7

depthincrementin the DPSPMis caused by the extra PSCs. As aresult, DPSPM I 7 1

a throughput degradation with respect to the ideal case is produced. SPM-I 2 12 1
Partitioning logic into LUTS also causes that both bit-serial circuits 5%35\14 é 5; é

and N = 2 hits digit-size ones have the same logic depth. As a conse-
quence, both versions could ideally achieve the same clock frequency.

Table Ill gives an example of this effeck = 2 DPSPM achieves . . . . .
and Spartan devices can implement functions up to five inputs in one

higher clock rates than bit-serial one. ) o . :
o . CLB, Il Vi LB, V
Considering that FPGA-vendors are permanently marketing ChICS Spartan 1l and Virtex up to six inputs in one C and Virtex

. . ) : t inputs i CLB and eight input ing two CLBs.
with different LUT-size (named:), the optimal value of: that will up fo seven Inpus I one and eight INpu’s using two S

allow this kind of topology to achieve a logic depth reduction is surql—]ence, bit-serial SPM-I and SPM-II multipliers will achieve minimum
marized in Table Il for different versions of the circuit. Thevalue in ogic depth in such devices. Finally, pointing out that although newer

. . Itera families (Apex and Mercury) also include the logic resources
the £-LUT column can be reduced in one unit for SPM-I and SPM-(IA (Ap y_) 9 .

LT . . . . . to perform the synchronous reset, it cannot be used to reduce the logic
circuits, if the device also incorporates dedicated logic to implem

the svnchronous reset of flin-flops e(%pth of the target circuits because these hardware resources cannot

Y o IP-TIops. ) . pe used when LEs are configured in normal mode (that only can be
The case of Xilinx devices whose configurable logic elementusSed as one 4-input LUT), but in counter mode (configured as two
(CLBs) consist of 4-input LUTs is a little bit different. On the One3-input functions within a L’E)

hand, FPGA families like Spartan Il, Virtex, and Virtex Il contain

dedicated logic to perform synchronous reset of the flip-flop. On
the other hand, these devices include dedicated multiplexors (calféfd
MUXFx) that allow combining several 4-input LUTs to implement The feedback loops present in the serial/parallel multipliers limit the

functions with higher number of inputs inside a CLB. The XC400@pplication of pipelining: it can only be performed by registering the

Pipelining
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TABLE Il
RESULTS OF THEFPGA-IMPLEMENTATION OF THE PIPELINED MULTIPLIERS

Circuits | Pipeline cutsets | N (bits) | f. (MHz) | Toro (ns) | f; (MHz) | A (LEs) | LD (LEs) | Ef. AXT| Ef. AxT
1 125 37 83 36 1 4,32 7,20
SPM-I A 2 99 7.8 12,4 62 2 51 6,95
(Fig.1a) 4 49.8 17,8 12,4 110 4 884 | 10,77
1 125 35 83 33 1 3,96 6,84
SPM-II A 2 98 7,9 12,3 58 2 4,73 6,69
(Fig.1b) 4 49,3 18 12,3 107 4 869 | 10,64
1 69 84 11,7 65 2 3,56 7,62
A 2 56,5 154 14,1 91 3 644 | 814
(Fig.2) 4 42,6 21,2 21,3 135 5 6,35 7,47
1 98 7,9 12,3 69 2 5,63 7,99
DPSPM B 2 83,3 9,7 20,8 89 2 4,27 5,42
(Fig.2) 4 515 17,1 25,8 124 4 4,81 5,74
8 26,9 34,9 26,9 196 8 7,29 818
Both A and B 1 125 47 15,6 69 1 4,42 5,95
2 90,1 88 22,5 97 2 4,31 5,37

our 1

RESET

CONIROL - b l l . 'ﬂz‘_ﬂ

PARALLEL/SERIAL

Fig. 4. Modified bit-serial DPSPM.

outputs of the partial-product generator block [20]. The implementasynchronous clear and set, this feature can be utilized to eliminate
tion results of pipelining the previous circuits are shown in Table Ilbne input signal of each LUT (tHrRESETsignal) in those devices that

In most of the cases, the throughput is not improved with respect to tthe not incorporate dedicated resources to perform the synchronous
original versions. Bit-serial circuits\ = 1 bit) are the exception: they reset (XC4000 and Spartan of Xilinx and FLEX8K and FLEX10K of
reduce the logic depth in one LUT, with no area penalization. On tiddtera). In this way, a logic depth reduction can be obtained, at the
contrary, pipelined DSMsX > 1 hit), are larger and do not exhibit a cost of one extra clock cycle to compute each word. The final balance
logic depth reduction. This situation is repeated in every double prebetween the potential speedup caused by a lower logic depth (and its
sion multiplier version. For example, féa¥ = 2 bits, an FPGA with corresponding wiring reduction), and the extra delay introduced by
9-input LUTs would be necessary to get a speedup. When pipelininghgse additional clock cycles will depend on the chip model utilized
applied in both A and B cutsets, bit-serial DPSPM circuits reaches tteebuild the circuit.

maximum clock frequency of the chip. The area is only incrementedFrom the previous topologies, only the bit-serial SPM-II can take
in 5 LEs. As final remark, the technique only is suitable r= 1, full advantage of this idea. In this circuit, each slice consists of two
where an effective logic depth reduction is achieved. 5-input functions and 2 FFs. It can be mapped using 3 LEs, having

If pipelining were applied to implement these circuits on Xilinx dea logic depth of 2 LUTs. By using an asynchronous clear, each cell
vices we need not use the A cutset in bit-serial SPM-I and SPM+kquires two 4-input functions (2 LEs), reducing the logic depth to just
topologies, because they already exhibit minimum logic depth (1 CLB)ne LUT. The experimental results indicate that both logic depth and
Furthermore, the A cutset would be required to achieve the minimwanea requirements decrease (see Table IV). Nevertheless, there is not
logic depth in bit-serial DPSPM. As in the case of Altera devices, @n effective speed increment for the selected chip. The paraffigter
does not lead to any advantage to pipeline digit-serial versions of thas been reduced, but the saturation frequency (125 MHz) has been
multipliers, the logic depth remains constant. reached.

The previous optimization cannot be obtained in the other circuits:
its applicability will depend on the FPGA architecture. For example,
the hit-serial SPM-I could be optimized if 5-input LUT FPGAs were

The set and clear of the flip-flops (FFs) in serial/parallel multiplieavailable (the case of Xilinx FPGAs), meanwhile the 2-bit digit-size
implementations is conventionally performed asynchronously [143PM-1 and SPM-II would require 10-input and 9-input LUTSs respec-
[19], [16]. Considering that most commercial FPGAs include atively to take advantage of this method.

B. Asynchronous CLEAR of FFs
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TABLE IV
BIT-SERIAL SPM-1l WITH ASYNCHRONOUSCLEAR OF THE FF

Circuit | N (bits) [ f. (MHz) [ Ty, (ns) [ fs (MHz) [ A (LEs) | LD(Les) | Ef. AxT| Ef. AxT
SPM-II| 1 125 | 16 78 | 25 | 1 [ 307 ] 614

TABLE V
FPGA-IMPLEMENTATION OF THE MDPSPM

321

posed by the process technology (125 MHz). The cost in area is min-
imum (just 3 extra LEs), but the penalty to be paid is an increase in la-
tency of two more cycles. This structure modifies the area-time figure
in the range 12 MHz to 15.5 MHz, saving 14 LE’s (17%) with respect
to the previous alternative.

Finally, it is important to note that this modification should not be
applied to Xilinx FPGAs: it only adds an enhancement in bit-serial

and 2-hit digit-size multipliers, and these circuits directly achieve the
minimum logic depth (maximum speed) or can easily achieve it by
pipelining, as shown in previous section.

IV. CONCLUSIONS

This work presented a systematic study of the FPGA-implementa-

N{fiMH)| T f A |LD(LEs)| Ef AxT Ef AT
(ns) (MHz) | (LEs)
1] 893 8,9 11,2 | 64 | 8+1 573 7,89
2| 877 9,1 219 | 81 | §+1 3,69 479
4] 49 181 | 245 [ 112 4 4,57 522
81 288 | 324 | 288 | i169 8 5,87 6,70
TABLE VI

FPGA-IMPLEMENTATION OF THE PIPELINED MDPSPM

Pipeline cutsets |N| fo(MHz) | Tpro (ns) | fs (MHz) | A (LEs) | LD(Les) | Ef. AxT | Ef. AxT
A 1l 917 8.6 11.5 65 8+1 3.69 7.76
2| 87 9.2 21.7 88 8+1 4.09 5.20
B 1| 813 10 10,2 66 2 6,49 8,86
2| 813 10 20,3 83 2 4,08 5,26
BothAandB [1| 125 45 15,6 67 B 4,29 5,82
2| 926 85 23,1 92 2 3,98 5,01

tion of digit-serial/parallel multipliers. The target technology has been
ak = 4 LUT-based FPGA, but optimal results have been extended to
other LUT sizes. Three types of serial/parallel multipliers (two of single
precision, and one of double precision) have been evaluated. Pipelining
has been applied to extend the speed of each class of multiplier. Sev-
eral methods have been proposed to obtain a logic depth reduction,
obtaining the following conclusion:

Conventional pipelining only leads to a logic depth reduction in bit-

serial circuits. It is not a suitable technigue in digit-serial SPM and

C. Modification of the DPSPM (MDPSPM)

DPSPM circuits. Minimum logic depth is achieved in bit-serial DPSPM

. - ) ) if an extra pipelining (cutset B) is applied.
The modified multiplier structure presented in [21] is based on tl"eln the bit-serial SPM-II, the asynchronous clear of the FFs reduces
fast SPM proposed by R. Gnanasekaran [22]. The main idea is to anHg logic depth in one LUT and the arealiri LEs

the W extra clock cycles required to complete the computation, by in- The proposed modification of the DPSPM improves the performance
cluding a bit-parallel adder. Thus, the sum and carry vectors are COY moderate word-lengths.

puted in parallel after the firsti” cycles. The adder block replaces
the W clock cycles needed to achieve the same operation serially. The
DPSPM circuit proposed in [22] can be transformed in a double preci-
sion serial/parallel multiplier, simply by adding a PSC to the bit-parallel [1]
outputs of the RCA (Ripple Carry Adder). Commercial FPGAs usually
allow the designer to build fast and small ripple-carry adders by using[Z]
especial carry-chain lines [10]. Then, by modifying the circuitin such a
way, a logic depth reduction can be achieved. These multipliers can be
directly replaced by the MDPSPMs, without any circuit modification. [3l
The bit-serial version of this multiplier is shown in Fig. 4. [4]

The results of the FPGA implementation are reported in Table V. The
only difference respect to the previous circuits is that the FAST logic [5]
synthesis option (the assignation of carry chain lines) has been used to
map the bit-parallel adder. Thus, the MDPSPM topology achieves the
best performance (Table V). The speedup goes from 1.56 (for bit-seria[el
version) to 1.15 (for bit-parallel version). The modified circuits have [7]
the same logic depth than the SPM ones. This is true for every digit-se-
rial version, but they are one LUT smaller than the corresponding DP-[8]
SPMs. As a result, they achieve a higher throughput than the con-
ventional DPSPM with nearly the same cost in area. If MDPSPM are
compared to the single precision circuits, the throughput improvementoj
varies from 1.35 to 1.69 (for the bit-serial version), up to 2 (for the bit-
parallel version). Once again, the enhancement is obtained without in-
crementing the latency. The MDPSPM circuits lead to several chang;
in the optimized area-time figure of the multipliers.

In Table VI, the results of pipelining the MDPSPM are presented.
As was remarked in Section IlI-A, pipelining the circuit after the partial [12]
product generation (cutset A in Fig. 4) increases the area by increments
but does not reduce the logic depth. As a consequence, only the resuﬂﬁ]
for N = 1 and 2 bits are useful for custom DSP designers.

In the MDPSPM, pipelining can be extended to the RCA outputg14]
(cutset B in Fig. 4). Results for the three pipeline alternatives (A, B,
and both A and B cutsets) are reported in Table VI. [15]

The main result can be summarized as follows: by pipelining in point
A and B, the bhit-serial MDPSPM reaches the maximum frequency im{16]

0]
1]
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An Efficient Pipelined FFT Architecture

{X(k), X <k+

Yun-Nan Chang and Keshab K. Parhi 11 1 1 WX Fo(k)
1 —j -1 j||WEE(®) 5
Abstract—This paper presents an efficient VLS| architecture of 1 -1 1 -1 W{,k Fy(k) )
the pipeline fast Fourier transform (FFT) processor based on radix-4 1 i -1 —j )
decimation-in-time algorithm with the use of digit-serial arithmetic units. WRFFs (k)
By combining both the feedforward and feedback commutator schemes, qre
the proposed architecture can not only achieve nearly 100% hardware (N/4)—1
utilization, but also require much less memory compared with the previous mo ke
digit-serial FFT processors. Furthermore, in FFT processors, several Fo (k) = Z x(n +4772)WN74
modules of ROM are required for the storage of twiddle factors. By ny=0
exploiting the redundancy of the factors, the overall ROM size can be N
effectively reduced by a factor of 2. forn, =0,1,2,3;k=0,1,..., T L

Radix-2 and radix-4 are the most common radices used in FFT de-
compositions. Radix-4 decomposition is more attractive since it re-
quires less amount of multiplication operations for FFT and reduces
the number of multiplications fron¥V? for direct implementation of
DFT to only (log, N — 1)N.

The fast Fourier transform (FFT) plays an important role in the de- Since the data sequencegn) arrives sequentially, the parallel
sign and implementation of discrete-time signal processing algorithmtsta flow graph has to be projected along the order of input se-
and systems. In recent years, motivated by the emerging applicatigo@nce in order to obtain efficient pipeline architectures. As (2)
in the modern digital communication systems and television terrestrihows, each stage of FFT computation consists of retrieving the data
broadcasting systems, there has been tremendous growth in the degign), Fy(k), Fx(k), F5(k) for specific k, and the corresponding
of high-performance dedicated FFT processors [1], [2]. Pipelined Fi&iddle factor multiplication, followed by the multiplication of the
processor is a class of real-time FFT architectures characterized by aeittix-4 butterfly matrix. Direct implementation of (2) requires three
tinuous processing of the input data which, for the reason of the tramsultipliers to perform the twiddle factor multiplication as shown
mission economy, usually arrives in the word sequential format. Howr Fig. 1(a) [1], [3]. Here, the commutator is used to generate the
ever, the FFT operation is very communication intensive which calisoper data sequence for the following twiddle factor multiplication
for spatially global interconnection. Therefore, much effort on the déy swapping/exchanging the output data coming from the previous
sign of FFT processors focuses on how to efficiently map the FFT algstage. The salient feature of this feedforward approach is that the
rithm to the hardware to accommodate the serial input for computatiarivial factor W3 (=1) in the twiddle matrix can be reflected in the
This paper presents a novel FFT implementation based on the usé&aidware. However, unless four input data are sampled in parallel, this
digit-serial arithmetic which can lead to very efficient architectures. architecture cannot achieve full efficiency. For most of the applications

where FFT processor must be interfaced to a continuous word serial
stream, it is only possible to achieve 25% hardware utilization as
there is a 4: 1 mismatch between the bandwidth of input data rate and
that of the processor. (In general, the utilization for radikutterfly

Manuscript received August 15, 2000; revised February 12, 2003. This paH&it is 1/r.) In order to compensate this mismatch, a fully utilized
was recommended by Associate Editor Y. Wang. architecture based on the use of digit-serial arithmetic units has been
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K. K. Parhi is with the Department of Electrical and Computer Engineeringj(,)r the twiddle factor multiplication as shown in Fig. 1(b). Instead of
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generating the vectdiFy (k), W& Fi(k), WZF Fe(k), Wik Fs(k)]"
in parallel as shown in Fig. 1(a), this scheme generates each element
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