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I. I NTRODUCTION
Emerging applications such as telemedicine and social
network services increase the importance of processing massive volume of data. On the other hand, devices for storage
and sensing are becoming more susceptible to noise as
technology scales down. Thus, statistical inference techniques
are essential to extract informative patterns of interest from
noisy input data and unreliable storage device.
Sparse Distributed Memory (SDM) [2] (see Fig. 1) is a
long term memory model of a human brain. The SDM
stores long binary words in a counter array and retrieves
specific data by statistically interpolating noisy data based
on Hamming distance evaluated in an address decoder. The
sparsely distributed data provides inherent error immunity.
Even greater error resiliency is achieved when the SDM is
employed as an auto- or hetero-associative memory.
The address decoder exhaustively searches the address
space whereas the counter array processes the only selected
addresses. Thus, a dominant portion (over 90% as shown
in section IV) of the total energy and delay in SDM is in
the address decoder. On the other hand, the counter array
occupies large area.
Several hardware structures have been proposed that focusing on the address decoder. A shift register-based address
decoder is proposed in [3], where the physical address data
is shifted thereby consuming large dynamic energy. Address
decoders in the analog domain are also proposed using a current mirror to evaluate all the physical addresses’ Hamming
distance in parallel [3], [4]. However, the large cell dimension
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Abstract—This paper presents an energy-efficient VLSI implementation of Sparse Distributed Memory (SDM). High
throughput and energy-efficient Hamming distance-based address decoder (CM-DEC) is proposed by employing compute
memory [1], where computation is deeply embedded into a
memory (SRAM). Hierarchical binary decision (HBD) is also
proposed to enhance area- and energy-efficiency of read operation by minimizing data transfer. The SDM is employed
as an auto-associative memory with four read iterations and
16×16 binary noisy input image with input error rates of 15%,
25%, and 30%. The proposed SDM achieves 39× smaller energy
delay product with 14.5× and 2.7× reduced delay and energy,
respectively as compared to conventional digital implementation
of SDM in 45 nm SOI CMOS process with output error rate
degradation less than 0.4%.
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Fig. 1: Conventional SDM architecture.

(i.e., 11 transistors) incurs loss of information density, and
huge static energy is consumed due to DC current paths.
The address decoder with SRAM and external logic blocks
shown in Fig. 1 has potential advantages in terms of compatibility with widespread embedded SRAM process, and higher
information density than content addressable memory cellbased structures. Even though the SRAM-based structures
cannot process all the physical addresses simultaneously, the
comparison can be done using multiple blocks of SRAM in
parallel to achieve reasonable throughput [5], [6]. However,
the SRAM-based address decoder requires additional digital
blocks such as EXOR gates, an adder tree, and counters,
which lead to high energy consumption and area overhead.
This paper introduces an energy-efficient and high throughput VLSI implementation of SDM by exploiting its inherent
error immunity. Recently proposed compute memory [1],
where computation is deeply embedded in memory, is employed for the address decoder. A hierarchical binary decision
(HBD) technique is proposed to reduce the area and energy
consumption by statistically inferring final decision from the
partitioned blocks.
II. BACKGROUND : S PARSE D ISTRIBUTED M EMORY
The SDM consists (see Fig. 1) of: a) an J-bit address
decoder to evaluate Hamming distance including I × J bit
SRAM that stores I, J-bit addresses, b) a counter array with
IJ counters each BC -bit wide.
The operation of address decoder is described by:
(
1, if x ≥ 0
si = sgn{
(aij ⊕pj )−R}, where sgn(x) =
0, otherwise
j=0
(1)
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Fig. 2: Compute memory-based address decoder (CM-DEC):
(a) column architecture, and (b) multi-row read (MR-READ)
for EXOR operation.
where ⊕ is the binary EXOR operator, S = {si } is the row
selection set, Ai = ai0 ai1 ...ai(J−1) is the i-th address stored
in the address SRAM, P = p0 p1 ...p(J−1) is the input address
and R is a user-defined threshold. Thus, the address decoder
generates a set of addresses whose Hamming distance from
P is less than R.
Data D = d0 d1 ...d(J−1) is written at address P as follows:
cij + si ,
cij − si ,

if dj = 1
otherwise

(2)

where si is generated by the address decoder as in (1). The
data stored at address P is read out as follows:
yj = sgn(

I−1
X

+

C

-

si

aij ⊕ pj = sgn{0.5 − (aij + pj )} + sgn{0.5 − (aij + pj )} (4)
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Fig. 3: Memory-embedded capacitive adder.
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where Y = y0 y1 ...y(J−1) is the output word.
The SDM exhibits intrinsic error-resiliency, when employed as an auto-associative memory. In this mode, P[n] =
D[n] = Y[n − 1], where P[n], D[n], and Y[n] are the input
address, input data, and output at time index n.
III. P ROPOSED A RCHITECTURE
A. Address Decoder with Compute Memory (CM-DEC)
The recently proposed compute memory (CM) [1] is employed for the address decoder to achieve energy-efficiency
and high throughput as shown in Fig. 2(a). The CM has
unique characteristics: multi-row read (MR-READ), and
memory-embedded analog signal processing (ME-ASP). In
the proposed address decoder with CM (CM-DEC), the MRREAD implements the digital to analog conversion of aij
and pj , and computes aij ⊕ pj in J columns simultaneously
whereas the ME-ASP implements the summation in (1).
For simplicity of implementation, the computation of aij ⊕
pj is transformed as follows:

A replica bit cell is employed at the bottom of every column,
where pj and pj is provided through ports. The MR-READ
processes the addition of aij and pj in the analog domain as
shown in Fig. 2(b) by reading aij and consecutively reading
pj through the replica bit cell without additional precharge.
Then, the BL and BLB are provided to a comparator’s
positive input with the other input connected to VP REL =
VP RE −∆VBL /2, where ∆VBL is the voltage drop on the bit
lines during a read operation. The differential input Vdif f 1
of the comparator connected to BL is described by:
Vdif f 1 = VBL − VP REL = ∆VBL /2 − ∆VBL (aij + pj )
QBL = sgn(Vdif f 1 ) = sgn{0.5 − (aij + pj )}

(5)
(6)

The logical value of node QBL is determined by (6) whereas
that of QBLB is obtained by replacing the aij and pj by aij
and pj , respectively. The QBLB and QBL correspond to the
first and second terms in (4), and the aij ⊕pj can be obtained
simply by NORing the QBL and QBLB .
Next, the memory-embedded capacitive adder at the bottom of bit cell array shown in Fig. 3 completes the summation
in (1) by charge sharing, and the output voltage is compared
by VR to obtain si , where VR is the voltage level corresponding to the Hamming distance R. This operation needs
to be repeated I times to process the address space, and can
be processed in multiple blocks of CM-DEC in parallel to
achieve high throughput as proposed in [5], [6].
The speed of conventional address decoder in Fig. 1 is
limited by memory access speed especially when the computation in logic blocks are pipelined for high speed. The
conventional SRAM can read only BIO columns per single
read access, where BIO is the bit-width of its IO port. Thus,
J/BIO read accesses are required to read a single Ai . On the
other hand, CM-DEC reads data from J columns of SRAM at
a time, and the data is transferred to the embedded capacitive
adder. As a result, CM-DEC has roughly J/BIO times higher
throughput as compared to the conventional address decoder.
The CM-DEC can be implemented in other resistancebased memories such as flash, RRAM, and PRAM.
The energy consumption of the conventional address decoder and CM-DEC to compute the Hamming distance between single Ai and P is estimated by considering dominant
components as:

Block 0
EDEC_CON V
EDEC_CM

=
=

(J/BIO )(4BIO CBL ∆VBL VP RE )
+Eleak + JESA + Elogic
(7)
JCBL (2∆VBL )VP RE + Eleak_CM
+2JEcomp + Ea_add
(8)

where CBL is the BL capacitance, and the energy consumptions due to leakage current in bit cell array, sense amplifier,
and analog comparator are denoted by Eleak (Eleak−CM
for CM-DEC), ESA , and Ecomp , respectively. The energy
consumptions from analog capacitive adder in the CM-DEC
and logic blocks in the conventional address decoder are
denoted by Ea−add and Elogic , respectively. In this paper,
a wordline is horizontally shared by 4BIO bit cells. A deepsleep mode is assumed during standby using techniques such
as power gating [7], [8]. The CM-DEC can be placed into
a deep sleep mode quicker than the conventional address
decoder thanks to its high throughput.
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Fig. 4: Multi-block structure with hierarchical binary decision
(HBD).
Parameter
VDD
I
BC
BIO

Value
1.1 V
2048
4
16

Parameter
M
J
BX
fCLK

Value
32
256
4
1 GHz

TABLE I: Design parameters for SDM.
B. Counter Array using Hierarchical Binary Decision (HBD)
In this paper, the combination of an external counter and
memory is employed to implement the counter array rather
than storing the C in bulky up-down counters.
The counter array usually requires a huge volume of
storage space with large I (ie. 2K~1,000,000). Thus, a multiblock structure is assumed for the both conventional and
proposed counter array to compute (3) in multiple blocks in
parallel. The multi-block structure also saves dynamic energy
consumption by avoiding frequent toggling of long global
lines (GBLs). Each block generates a partial sum, which
are then summed and thresholded as shown in (3). The each
partial sum needs additional BX bits in addition to BC bits
to prevent overflow requiring total J(BC + BX ) GBLs to
transfer a partial sum from each block to the global decision
block. This large volume of routing leads to highly congested
layout and dynamic energy consumption.
Moreover, the counter array can be implemented by higher
density storage devices such as DRAM, RRAM, and PRAM,
whose bit cell dimension is close to 4F 2 to allow the only
single BL per column [9], [10]. Thus, the J(BC + BX )
GBLs incur high area penalty.
A counter array with hierarchical binary decision (HBD)
is employed to resolve this issue as shown in Fig. 4. The
number of accesses (Ni ) to each physical address Ai during
write operation is recorded in an additional column of counter
array. Then, the selected
Cij s and the Ni s are accumulated
P
to generate Nm = i∈Hm Ni in the read operation at each
block, where m is an index of block, and Hm is the selected
set of rows in the m-th block. The local decision block of
m-th block creates a local binary decision ym,j by:
ym,j = sgn(

X

Cij )

(9)

i∈Hm

The global decision block generates yj ∗ from the weighted
summation of the M ym,j s as follows:

yj ∗ = sgn(

M
−1
X
m=0

(
sign(ym,j )Nm ), where sign(x) =

1, if x > 0
−1, otherwise
(10)

In this global decision, Nm s are used as the weight to give
larger impact to the blocks which have more selected physical
addresses. In this way, roughly J global routing lines are
required instead of J(BC + BX ) as shown in Fig. 4 thereby
minimizing the area penalty and the energy of GBLs.
IV. SIMULATION RESULTS
In this section, HSPICE simulations in 45 nm SOI CMOS
process technology is employed to capture circuit level
behavior. All the design parameters used in the simulations
are summarized in Table I. Four banks with 512 × 256
bit cells/bank are employed and share a capacitive adder
with C = 10f F . It is assumed that banks can be placed
in a deep-sleep mode independently. HSPICE Monte-Carlo
simulation is also performed over all process parameters
because analog operation of CM-DEC can be sensitive
to process variations. Statistical simulations show that the
∆VBL ∼ N (250 mV, 29 mV ). The analog comparator in
the address decoder is sized to fit in single column of
SRAM, and has an input offset with a standard deviation
of 18 mV . System simulations are performed based on the
circuit models obtained from the HSPICE simulation [1]. The
EXOR operation of CM-DEC creates error with probability
less than 0.9% at each bit.
Nine 16 × 16 binary shapes of numbers from one to nine
are employed to generate P and D as shown in Fig. 5(a). For
each pattern, 225 noisy copies with 25% of randomly flipped
bits (input error rate Pi = 0.25) are generated and written into
the SDM as the P and D. After the write operation, 100
contaminated copies of each pattern (total 900 inputs) with
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example of error correction, and (b) output error rates Po [n]
at read iterations n.

Pi = 0.15, 0.25, 0.3 are generated and provided as P for the
read operation. Four read iterations of the auto-associative
memory are performed. The threshold R in (1) for the read
and write operation is set to 82 and 79, respectively, for this
application and the sparsity.
A. Output Error rate of CM-HBD
The output error rate Po [n] of conventional SDM (SDM),
CM-DEC (CM), and both CM-DEC and HBD (CM-HBD) at
the n-th read iteration is computed as:
Po [n] =

900
1 X
Hk [n]
900J

(11)

k=1

where Hk [n] is the Hamming distance between an output
Yk [n] generated with an input Pk and noiseless version of
Pk , where k is the index of input. Figure 5(b) shows that CM
and SDM have very similar (< 3% difference) Po [n] for all
three values of Pi . Although CM-HBD’s Po [n] is higher than
that of SDM/CM, it converges to within 0.4% of the ideal
value at n = 4. Thus, the non-ideal behaviors of CM-DEC
and HBD are successfully compensated by the inherent noise
immunity of SDM and the auto-associative operation.
B. Savings in Energy and Delay
In conventional address decoder, the SRAM access requires two clock cycles and the feed-forward computation
of logic blocks is pipelined during the SRAM access. The
CM-DEC reads aij and pi simultaneously to achieve high
throughput and complete the MR-READ within two cycles.
The capacitive adder operates in parallel to the MR-READ.
The data transfer from the local decision block to the
global decision block through GBLs requires two cycles.
Based on these specifications, over 95% of the delay in the

conventional SDM is from the address decoder. The proposed
CM-DEC achieves 16×(= J/BIO ) throughput improvement
in the address decoder resulting in 14.5× overall delay
reduction including the counter array.
Energy components in (7) and (8) are measured via
HSPICE simulations, and the total energy to achieve Po <
0.02 with Pi = 0.25 is estimated, where three read iterations
are required for all the configurations as shown in Fig. 5. The
CM-DEC and HBD-based counter array achieve 2.8× and
1.7× energy savings as compared to the conventional address
decoder and counter array, respectively, achieving 2.7× total
energy saving as shown in Fig. 6.
In conclusion, 39× smaller energy delay product is
achieved with output error rate degradation of less than 0.4%.
In addition, the 8× (= BC + BX ) fewer GBLs are required
for the counter array, which leads to significant area savings
especially in high density memories.
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