Vol. 11 No. 3, Sept. 2020

Journal of Measurement Science and Instrumentation 205

An LFSR-based address generator using optimized address partition
for low power memory BIST
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Abstract: Power consumption in test mode is much higher than that in normal mode, which is prone to causing circuit damage

and reducing the yield of chips. To reduce the power dissipation efficiently, a modified linear feedback shift register (LLFSR) is

designed to decrease switching activity dramatically during the generation of address sequences for memory built-in self-test

(MBIST). The address models are generated by a blend of two address generators with an optimized address partition and two

distinct controlled clock signals. An address generator circuit for MBIST of 64 kX 32 static random access memory (SRAM) is

designed to illustrate the proposed scheme. Experimental results show that when the address bus size is 16 bits, compared with
the traditional LFSR, the proposed LFSR can reduce the switching activity and dynamic power by 71. 1% and 68. 2%,

respectively, with low area overhead.
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0 Introduction

With process technology continuing to shrink, a
large number of embedded memories have been
integrated into system on chips (SoCs)', which
may make memories more susceptible to defects™*,
Due to high efficiency and simplicity, March test
algorithms are widely used to detect the faults in
memoriest”® . Memory built-in self-test ( MBIST)
has become a standard industry practice in testing

(78] " Based on efficient

numerous embedded memories
circuits and algorithms, MBIST effectively detects
defects in random access memory (RAM) and read-
only memory (ROM) and generates multiple test
vectors, each of which focuses on testing a particular
circuit or error. However, because of the increasing
size of embedded memories, the switching activity in
the address sequence dramatically increases when
complex test vectors are loaded, which leads to an
extreme dynamic power consumption-”. In addition.,

mode
[10-11]

the excessive power dissipation in test

considerably influences the reliability of SoCs
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Hence, reducing the test power consumption
becomes an imperative concern in the process of
MBIST, in which it makes sense to design an address
generator with low toggle rate in test mode. Over the
years, a series of solutions have been proposed for
low power MBIST. Since linear feedback shift
register (LFSR) can produce a pseudo-random test
pattern with a small area overhead, it is widely used
to generate the address sequence in MBISTM#13 - A
complete LFSR with up/down control signals was
proposed in Ref. [5]. While this LFSR can generate
complete addresses in 2" up and 2" down sequences, it
fails to reduce the transitions effectively for address
generator in MBIST. Nourani et al. proposed a low-
transition linear feedback shift register (L'T-LFSR)
to reduce the switching activity among patterns''’,
This method reduces the average and peak power of a
circuit during the test, whereas the generator that
adopts this method needs a longer sequence of test
vectors to get high fault coverage. Vellingiri et al.
combined LFSR with Bipartite LLFSR and then

proposed an improved LT-LFSR to deal with this
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problem'” . This method relative

superiority in reducing the number of switching

expresses

activity between patterns without affecting the

randomness. Wang et al. proposed a dual-speed

LFSR (DS-LESR)M617,
slow LFSR and a normal-speed LFSR, and effectively
decreases the number of transitions during the test.
Afterwards,
adopting this method for the reduction of the number

It consists of two LFSRs, a

there have been some researches
of transitions. Yang et al. split the LFSR into two
LLFSRs in order to generate a zero-set and one-set
cube in the test cube’™. An LFSR reseeding
approach in Refl. [19] adopts dual-LFSR for test
cubes. Test cubes in an LFSR reseeding scheme can
generate proper values to cover don’ t-care bits and
reduce the switching activity for low-power testing
Based on the modified
algorithm, Krishna et al. proposed an address

successfully. zero-one

generator consisting of two different clock signals

and a blend of LFSR and a 2-bit pattern
generator™®™’, This method effectively decreases the
switching activity between adjacent address

sequences. However, it is not optimized for various
address bus widths and lacks flexibility, as well as
realizing a low test coverage.

In this study, a modified LFSR-based address
generator suitable for the March test algorithm is
proposed. We first obtain the most suitable partition
of the address bus, and then divide the address
generator into two optimized and reversible
generation structures with two distinct clock signals.
Finally, the proposed address generator has a
significant reduction in switching activity with area
overhead, which is illustrated in a 64 k X 32 static

random access memory (SRAM).

1 MBIST and power analysis

1.1 Structure of MBIST

As shown in Fig. 1, a typical structure of MBIST
is mainly composed of a built-in self-test (BIST)
BIST

controller, consisting of a signal generator, a test

controller and a data comparator. The
vector generator, an address generator and so forth,
is used to generate applicable test vectors, read
commands, write commands, and analyze the
outcomes. The address generator is used to generate
a set of address sequences for detecting flaws in
SRAM. When the start signal BIST_Test, the clock

signal CLLK, and the selection signal BIST _CS are

valid, the BIST controller starts to test the memory.,
and meanwhile, the comparison between the test
results and the expected results determines whether
the memory has flaws or not.

BIST_W/R | = —<
Signal generator Test passed

Test vectors

BIST_Data

generator

BIST_Address < <
BIST_CS Address generator| BIST Test
' BIST controller
' Address Ideal data
A
" Data_in Test fail
v >omparator
Memory o Fault data
' W/R Data_out —<
Data out
CLK—— CLK

Fig. 1 Structure of MBIST

1.2 March algorithm and power analysis

March algorithms have different elements, such as
TWo, AR W s WiR R W) s v (RW) s
etc. Each March element consists of an addressing
direction and a finite number of read or write
operations. The special symbols “ 4 ”and “ v ” denote
address  orders,

increasing and  decreasing

respectively; “U” is used to indicate the non-
significant order of addresses; and W, or R, means
that a logical value ‘x” will be written into or read
from a memory cell.

Although the March algorithm has a superior test
coverage, it is generally affected by the complexity.
Because of some long and complex transitions during
the detection process, the amount of switching

activity increases sharply, which results in a high

dynamic power consumption. Dynamic power
consumption can be expressed by
P avg — QAT X Cload X Vzld X f ks @y

where ar is related to toggle rate; and Ciqs Vg and
fax denote total load capacitance, supply voltage and
working frequency, respectively.

In theory, we can reduce the dynamic power
consumption by adjusting the parameters in Eq. (1).
However, it is not easy to scale down the power
consumption by decreasing Cias Vo and [
Therefore, the decrease of ar becomes an available
way to reduce the power consumption. If the number
of switching activities between adjacent address
sequences decreases, the dynamic power consumption
can be also dramatically reduced during the memory-
testing process.
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2 Improved LFSR address generator

Based on the conventional LFSR algorithm, the

address generator shows a high toggle rate.
Accordingly, we improve the traditional LFSR
algorithm and design an address generator with a
superior reduction in switching activity between
Firstly, the feedback
structure of LFSR is altered to get the reversible
LFSR. Secondly, we partition the reversible LFSR
into an H-bit LFSR and an L-bit LFSR, and then

work out the optimized partition ratio by finding the

adjacent address sequences.

minimum value of transitions in the proposed
LFSRs. After that, the clock signal H LFSR CLK
controls the H-bit LFSR, the clock signal I. LFSR_
CLK controls the L-bit LFSR, and H LFSR CLK is
derived from I LFSR_CLK. Finally, the two LFSRs
controlled by the above clock signals will produce
address sequences with a low toggle rate.

2.1 Design of reversible LFSR

The traditional LFSR cannot produce the complete
address sequence because when all the flip-flop
outputs are zero, the LFSR will maintain all-zero
state (see Fig. 2). Thus, as shown in Fig. 3, some
OR and NOR gates are inserted in the traditional
LFSR to generate a full sequence. This structure is
considered as the k-stage complete LFSR.

M M:j \qM/ M
D 0O D 0 D 0 D 0

" [Fro ret | [ [ FR2 FF(e-1) FF(k)
CLK

Fig. 2 Structure of traditional LFSR

At

Mo M, M-: M M

A 0 D oHD ¢ D OH-D 0

FFO FF1 FF2 FF(#-1) FF(k)
CLK

Fig. 3 Structure of a k-stage complete LFSR

For a k-stage complete LFSR, its primitive

polynomials can be expressed as

H(Xvk) :M()X()+M1Xl+"°+Mka7 (2)
GX,b) = M, Xt +M X'+ -4+ MX", (3

where M; (i = 0, 1, *=-, k) is the value of the
corresponding flip-flop output, and the values of M,
and M, are always “1”. The difference between
H(X.,k) and G(X,k) is that the sequence orders of
Egs. (2) and (3) are reversed.

2.2 Optimized address partition

A k-bit LFSR generating all address in 2* clock
cycles will produce 2*7! transitions at the output of
each LFSR cell'®. Thus, in
generating a complete k-bit pattern address sequence,
a k-bit LFSR will switch &2 X 27! times. Therefore,
the number of output switching activities in an H-bit
LFSR and an L-bit LFSR are HX 27 ! and L X281,
respectively. As mentioned above, we transform the
k-bit LFSR into a blend of an H-bit and an L-bit
LFSR, where H+L=Fk. When the high H-bit LFSR
switches one time, the L-bit LFSR switches L X 2!

times. Thus, during the generation of a full address

the process of

sequence, the number of transitions in the output
bits of LFSR can be defined as

Y = H X 20 20 X L X2, 4

In order to find the minimum value of Y, we obtain
Eq. (5) by taking the derivative of both sides of
Eq. (4), namely

Y = (H X 2" 420 X (h — H) X 25710 (5)
Assuming that Y =0, we have
28 = 2" (14 Hln2). (6)

Consequently, we can figure out the optimized
address partition and the minimum switching
activities by Egs. (4) and (6). Table 1 shows the
optimal partitions for various address bus widths.
According to Table 1 and Eq. (4), we obtain a
comparison of the output switching activities for
different address generators using traditional LFSR.,
the combined LFSR in Ref. [20] and the proposed
LFSR, respectively. The results are shown in Fig. 4.

Table 1 Optimized partition for different address generators

Address bus width N (bit) L (bit) H (bit)
10—19 3 N—3
20—24 4 N—4

The number of the output switching activities of
the proposed LFSR is less than those of the other
two methods. As the address bus width of address
generator

increases, the improvement of the
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proposed method becomes larger.
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Fig. 4

different size of address generators using different LFSRs

Change of the number of transitions generated by

2.3 Design of clock signal

To make the improved combined LFSR function
efficiently, we design two distinct clock signals:
H_LFSR _CLK and . LFSR_CLK. H_LFSR_CLK is
a divided clock from the clock L LFSR_CLK, and
the timing relationship between H_LFSR_CLK and
L. LFSR CLK is shown in Fig.5. In an H_LFSR
CLK cycle, the maximum number of transitions in

L-bit pattern is 2-.

H_LFSR_CLK

|
| | |
l— T!I,I‘I'.\'!L(‘H\=2"TI;I‘P.\'IL(IH\—N |
| |
|
|
|

|

| |
L_LFSR_CLK' '
| | |

Fig. 5 Timing relationship between L._LFSR_CLK and H_
LFSR_CLK

3 Experiment and analysis

Our proposed method is implemented on 64 kX 32
SRAM, whose address bus width is 16 bits.
According to Table 1, we split the 16-bit LFSR into
a 13-bit LFSR and a 3-bit LFSR. Moreover, we add a
select signal “updn” for the generation circuit to
ensure that the address generator can generate two
address sequences in reversed order., H LFSR CLK
is obtained from L. LFSR_CLK utilizing a frequency
divider. A circuit of address generator is designed as
shown in Fig. 6.

13-bit LFSR

SYSCLK (78) |y crk

0 3-bit LFSR

0D 0 0 )
FF1 FF2

I
|
I
|
I
|
|
DIV l
I
]
1
|
I
|

Fig. 6 Design of proposed 64 k address generator
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We stimulate the proposed LLFSR, traditional LLFSR
and a combined LFSR in Ref.[20] with Cadence
NClaunch.  Simulation waveforms of the proposed
method, traditional LLFSR and a combined LFSR in
Ref. [20] are shown in Fig.7. We can see that the
proposed LFSR finishes generating a full address
sequence including 65 536 addresses “FFFF, FFFE,
FFFD, FFFA, ---, 7FFC, 7FF8, 7FF9, 7FFB” (LLFSR_
13_3), and the combined LLFSR produces a complete
address sequence “FFFF, FFFE, FFFS8, FFF9, ---,
7FFF, 7FFE, FFFC, FFFD” (LFSR_14_2). However,
the traditional LLFSR totally generates 65 535 addresses
“FFFF, FFD3, FF8B, FF3B, -:-, BFEE, 7FF1, FFE2,
FFE9” (LFSR_tradition_16) without address “0000”. In

Baseline v=0
Cursor-Baseline v = 262,150,000ps

&
rr

Name~ Cursors
= L_LFSR_CLK 1
@ H_LFSR_CLK 1
@ [0 LFSR_tradiion_16(150)  'h FFEB
T count_tradition(19:0) *h 00003
] LFSR_14_2[150] *h FFFE
£ count_14_2[19:0] *h 2c000
] LFSR_13_3[15:0] "h FFFE
0 count_13_3[19.0] *ho 25000
@ updn 0
_-F_i rst_n 1

addition, we use three counters count tradition, count
14_2, and count_13_3 to display the output switching
activity of the 16-bit conventional LFSR, the combined

LFSR in Ref.[20], and our improved LFSR,
respectively. In Fig. 7, the count_ tradition shows that
the 16-bit conventional LFSR switches 524 288

(hexadecimal value is “80000h”) times; the count 14 2
describes that the number of transitions in the combined
LFSR is 180 244 (“2c000h™); the count 13 3 records
improved LFSR only 151 522
(“25000h™) times for producing a complete address

that our switches

sequence. Compared with the traditional LFSR and the
combined LFSR in Ref. [20], the switching activity of
our work decreases by 71. 1% and 15. 9%, respectively.

262,150,000ps
000ps

0009 Y ooooc

FFFS | FFF9
J 00003 Y 00004

Fig.7 Waveform of 64 kX 32 address generator

The area overhead and power analysis are
performed on 65-nm CMOS standard cell library
using Synopsys Design Compiler and Prime Time,
Table 2
consumption and equivalent gate counts between the
traditional LFSR, the LFSR in Ref.[20], and the

proposed method.

shows the comparison of the power

Table 2

equivalent gate count

Comparison of dynamic power consumption and

Power consumption Equivalent
Method
(W) gate count
Traditional LFSR 30. 13 89
LFSR in Ref. [20] 18. 34 128
Proposed method 9. 587 155

The address generator employing the traditional
LFSR algorithm consumes 30.13 pW in dynamic
power. The dynamic power dissipation in a combined
LESR™  decreases to 18.34 pW. The proposed
address generator in the depth of 64 k only consumes
9.587 uW, achieving 68. 2% and 47. 7% dynamic
power saving compared to the 16-bit conventional
LFSR and the LFSR,

Furthermore, the proposed address generator circuit

combined respectively.

has a slight increase in the equivalent gate count.

The equivalent gate count for the proposed address
generator is about 155 equivalent gates, while the
equivalent gate counts for the traditional LFSR and
the combined LFSR are 89 and 128, respectively.

4 Conclusion

This paper presents an optimized address generator
based on LFSR for low power MBIST. The LFSR
can be split into two LFSRs with a series of
optimized address partitions and drastically decreases
the switching activity during the generation of a
complete address sequence. As a result, the proposed
address generator significantly reduces the dynamic
power. Experimental results in a 16-bit address
generator demonstrate a significant reduction in
power consumption via the proposed method.
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