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A hybrid radix-4/-8 truncated multiplier is proposed for mobile
graphics processing unit (GPU) applications by combining the strong
points of high-speed radix-4 and low-power radix-8 encoding
schemes. A hybrid Booth encoder (HBE) for radix-4/-8 encoding is
proposed by sharing the common logics between the two encodings.
In addition, a hybrid radix-4/-8 truncation (HRT) scheme is proposed
for more power reduction at a reasonable peak signal-to-noise ratio loss
for mobile multimedia applications. Experimental results demonstrate
29.7 and 31.1% power savings from the HBE and the HRT schemes,
respectively, resulting in a total of 60.7% power reduction from the pre-
vious work.

Introduction: Computer graphics has been moving into the mainstream
of mobile multimedia computing these days. The graphics processing
units (GPUs) incorporate shaders that contain floating-point multipliers
and special function units (SFUs) such as powering, division and square
root to compute a wide variety of graphics algorithms [1]. In these units,
integer multipliers play a key role in implementing the mantissa part of
the floating-point multipliers and the polynomial interpolation in the
SFUs. Therefore, a low-power and high-speed integer multiplier
becomes one of the most critical blocks in mobile GPU designs.

It is well known that the radix-4 encoding is good for high speed as its
partial products can be made using just simple shift operations while
radix-8 is good for low power as it produces a smaller number of
partial products compared with radix-4 [2]. In this Letter, we propose
a novel hybrid radix-4/-8 modified Booth encoding for low-power and
high-speed multiplications by combining the strong points of high-speed
radix-4 and low-power radix-8 encodings. There was a study on the
hybrid radix-4/-8 encoding, but it was optimised for neither power nor
speed as it aimed at a compromise between the two [2]. Moreover, it
had a considerable power overhead in the Booth encoder due to the sep-
arate radix-4 and radix-8 encoders operating concurrently. Our proposed
hybrid Booth encoder (HBE) mitigates this problem by sharing the
major parts of the radix-4 and radix-8 encoders [3]. In addition, we
propose a novel truncation scheme for more power reduction based on
the usage pattern of partial products from the hybrid encoding. As a
result, the proposed hybrid radix multiplier based on these two
schemes demonstrates 60.7% power saving from the previous art [2].

Hybrid radix-4/-8 Booth encoder: Radix-4 and radix-8 are the most
widely used encoding schemes for modified Booth multipliers.
Radix-4 encodes every 2 bits of an input, whereas radix-8 takes every
3 bits for the encoding. Therefore, radix-8 produces fewer partial pro-
ducts and consumes less power than radix-4. However, radix-8 multipli-
cation is slower than that of radix-4 due to the generation of ±3 B terms
that do not have any corresponding shift operations and require
additional carry propagation stages.

Table 1: Radix-8 partial product table (A × B)

Inputs Partial products Booth selects

xi+2 xi+1 xi xi−1 PPi Si Pi 2Pi 4Pi

0 0 0 0 0 0 0 0 0

0 0 0 1 B 0 1 0 0

0 0 1 0 B 0 1 0 0

0 0 1 1 2B 0 0 1 0

0 1 0 0 2B 0 0 1 0

0 1 0 1 3B — — — —
0 1 1 0 3B — — — —
0 1 1 1 4B 0 0 0 1

1 0 0 0 −4B 1 0 0 1

1 0 0 1 −3B — — — —
1 0 1 0 −3B — — — —
1 0 1 1 −2B 1 0 1 0

1 1 0 0 −2B 1 0 1 0

1 1 0 1 −B 1 1 0 0

1 1 1 0 −B 1 1 0 0

1 1 1 1 0 1 0 0 0

Our proposed multiplier operates normally in the radix-8 mode and it
switches to the radix-4 if the radix-4/-8 HBE detects the production of
±3 B terms from its input patterns [3]. The ±3 B terms can be detected
when (xi+2⊕ xi+1) and (xi⊕ xi−1) become true as shown in grey in
Table 1. Therefore, just two XOR and one AND gates are used for
the radix selection, as described in Fig. 1. In this way, the multiplier
operates in the low-power radix-8 mode for 56% cases of inputs, and
switches to the high-speed radix-4 mode for 44% of inputs [3].

radix mode

radix mode

Si

x i+
1

x i+
2

x i
x i–

1

xi –1

xi + 1
xi + 2

xi

4Pi

2Pi

Pi

radix-4/-8
hybrid Booth

encoder
(HBE)in

pu
t_

A
(m

ul
tip

lie
r)

radix
selection

radix
mode
signal

S
i

P
i

2P
i

4P
i

ra
di

x 
m

od
e 

si
gn

al

output = L
radix-8 mode

output = H
radix-4 mode

HBE

Fig. 1 Radix-4/-8 HBE

On the basis of this radix selection scheme, the radix-4/-8 HBE is pro-
posed exploiting the similar structures of radix-4 and radix-8 encoders,
and thus the major parts of the two encoders are shared for both radices.
Fig. 1 shows the internal structure of the proposed HBE. It produces four
encoding signals (i.e. Si, Pi, 2Pi and 4Pi) according to (1)–(4), for each
3 bit of the input. The Pi and 2Pi signals remain the same for both
radix-4 and radix-8, and the Si and 4Pi signals, shown in Fig. 1, just
require an additional multiplexer and tri-state buffer according to the
radix mode, as explained in (1) and (4). In this way, our HBE saves
29.7% of the power from the previous hybrid radix encoder [2]

Si = xi+2 (Radix mode = 0)
xi+1 (Radix mode = 1)

{
(1)

Pi = xi ⊕ xi+1 (2)

2Pi = xi+1xixi−1 + xi+1xixi−1 (3)

4Pi = xi+2xi+1xi + xi+2xi+1xi (Radix mode = 0)
Z(high-impedence) (Radix mode = 1)

{
(4)

CSA tree

main part (MP), 32 bits truncation part (TP), 32 bits

k bits

TPminor (n bits)

: partial products unused in radix-8 mode

truncated
partial products
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Fig. 2 Hybrid radix truncation

Hybrid radix-4/-8 truncation: In mobile multimedia applications, a
reasonable amount of computing errors can be exploited for power effi-
ciency [1, 4]. In this Letter, we investigate a novel truncation scheme for
the hybrid radix-4/-8 encoding for more power reduction of the HBE
multiplier at a tolerable degradation of peak signal-to-noise ratio
(PSNR). As illustrated in Fig. 2, we divide the carry save adder tree
of the multiplier into two parts, the truncation part (TP) and the main
part and subdivide the TP into n bits of TPminor and (32 – n) bits of
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TPmajor. In conventional truncations, the TPminor is normally truncated
off but the TPmajor is intact for minimal impacts on multiplication
results. In this Letter, however, we make a truncation of k bits in the
TPmajor of the partial products unused in the radix-8 mode, as illustrated
in Fig. 2. This k-bit truncation does not incur a significant increase in
multiplication errors since the HBE scheme remains in the radix-8
mode with a high probability of 56% [3]. We chose the two truncation
numbers, n and k, carefully to maximise the power efficiency of the mul-
tiplier. The n and k values for the best power efficiency are chosen to be
29 and 1, respectively, as depicted in Fig. 3. Thanks to this hybrid radix
truncation (HRT) scheme combined with the proposed HBE, we
achieved a 60.7% power reduction compared with the previous hybrid
radix scheme [2].
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Fig. 3 Comparisons of PSNR and power reduction for HRT scheme
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Fig. 4 Implementation results for proposed hybrid radix multiplier

a Die photograph
b Power reduction graph
Note: power consumptions of [2] are normalised to 0.18 μm technology node

Table 2: 32b × 32b multiplier performance comparisons

Hybrid radix [2] HBE This work

Technology 1.2 µm 0.18 µm 0.18 µm

M ×N 32 b × 32 b 32 b × 32 b 32 b × 32 b

Nominal Vdd, V 5 1.8 1.8

Input frequency, MHz 10 10 10

Power, mW 3.1 2.18 1.22

Area, µm2 N/A 211 600 111 690

Propagation delay, ns 3.51 4.12 3.91

PSNR, dB 63.69 63.69 47.44

PDP, nJ 10.9 8.98 4.77

Note: power and delay of [2] are normalised to 0.18 µm technology
node.

Experimental results: The proposed 32 b × 32 b hybrid radix-4/-8 trun-
cated multiplier was fabricated using the 0.18 μm CMOS technology.
Fig. 4a shows a die photograph of the chip with an active area of

111 690 μm2. Its propagation delay was measured to be 3.91 ns and
the average power was 1.22 mW when measured at the 10 MHz input
frequency. This 10 MHz is used for the power measurement in the pre-
vious hybrid radix scheme [2], and we used the same value for compari-
son purpose. As shown in Fig. 4b, the HBE scheme saves 29.7% of the
power and the HRT scheme reduces an additional 31.1% of power,
resulting in a total of 60.7% power reduction from the previous work
[2]. The resulting PSNR of 47.4 dB produced by the HRT scheme
still remains above 20 dB, the minimum required PSNR value for
mobile multimedia applications [5]. Table 2 presents performance com-
parisons with previous works. The power and delay of the previous
hybrid radix multiplier [2] are normalised to the 0.18 μm technology
node for comparisons. Table 2 shows that our approach attains a 56%
reduction in the power-and-delay product (PDP) from the previous
art [2].

Conclusion: A novel hybrid radix-4/-8 truncated multiplier is proposed
for mobile GPU applications. The proposed multiplier demonstrates
60.7% power reduction through the proposed HBE and the HRT
schemes. In terms of PDP, it achieves a 56% reduction compared with
the previous work.
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