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0.23 V Sample-Boost-Latch Based Offset Tolerant Sense Amplifier
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Abstract—An offset tolerant SRAM Sense Amplifier (SA) deployed with
Sample-Boost-Latch (SBL) technique to facilitate both common mode and
differential mode boosting is proposed. The common mode boosting
enables proposed SA, SBLSA to operate deeper into the subthreshold
regime whereas the differential mode boosting helps tolerate undesirable
mismatch conditions by driving cross-coupled inverters with boosted
differential voltages. The proposed boosting circuit first samples the bitline
voltages and then isolates the sampled voltages from the highly capacitive
bitlines followed by the boosting phase on relatively much less internal
input capacitances of the latch. Arrays of SBLSA and conventional voltage
latch SA (VLSA) were fabricated in 65nm-GP CMOS (512 each). At 25 °C,
SBLSA achieves 23.3% reduction in directly measured standard deviation
of input-referred offset (across 16 I1Cs, 8192 SAs) and 38.5% improvement
(typical IC) in sensing delay at 0.3 V. SBLSA offers reliable operation
across entire temperature range of —25 °C to 85 °C at 0.35 V whereas it is
0.41V for VLSA. Finally, SBLSA operates reliably at the minimum supply
of 0.23 V at 25 °C which is 30 mV less compared to VLSA.

Index Terms— Offset Tolerant Circuits, SRAM Sense
Amplifier, SRAM Yield Improvement, Subthreshold Circuits,
Variation Tolerant Circuits

I. INTRODUCTION

Low-power and reliable SRAM is in high demand for SoCs
used in battery operated circuits, bio-implantable and loT
devices. This work is specifically targeted towards improving
efficiency, speed and reliability of SRAMs in such SoCs
operating at sub-threshold voltages and wide range of
environment conditions (i.e. temperature). Overall SRAM
performance is heavily limited by the input-referred offset of the
sense amplifier (SA) as it requires minimum worst-case
differential voltage developed on highly capacitive bitlines
greater than the SA’s input-referred offset [1]. Out of the two
popular conventional SA schemes, Current Latch SA (CLSA)
and Voltage Latch SA (VLSA), VLSA offers ~3x tighter offset
distribution compared to prior one within same area budget
making it a good benchmark scheme [2]. Recent SA works
making further improvements in offset tolerance while
benchmarking VLSA typically use differential pre-amplifier
[3, 4], threshold matching by capacitive storage [5], and
deploying re-configurable redundancy [6] at the cost of routing
complexity, increased area and/or imposing built-in-self-test for
fuse-based best configuration selection. More importantly, they
do not offer sufficient offset tolerance and reliability across
wider temperature range in sub-threshold regime, and hence
weak candidates for the applications targeted in this work. To
increase offset tolerance and sensing speed in subthreshold
regime while achieving wider reliability coverage across
temperature, this work proposes Sample-Latch-Boost based
Sense Amplifier (SBLSA) scheme.
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Il. SBLSA WITH SAMPLE-BOOST-LATCH TECHNIQUE

Unlike previous works of [3] and [4], proposed SA scheme
is capable of both differential-mode boosting (DMB) and
common-mode boosting (CMB) of bitline large-signal locally
on less capacitive internal input nodes of the proposed SBLSA
(Fig. 1) at a reasonable sensing area penalty of 12% compared
to VLSA (Fig. 2). This work modifies the VLSA by adding
single-shot charge pump based boosting circuit comprised of
0.84 fF MOS capacitor (adding 48% more capacitance on
Q/QB) and 2 near-minimum sized switches on both Q/QB
nodes. Additionally, this work modifies the cross-coupled
inverter stage by judicially using bitline signals as sources for
P1/P2 to further tolerate offset by gaining higher differential
current in regeneration branches. In a full SRAM system, bitline
capacitance is up to few hundreds of fF and therefore, can safely
be assumed as an ideal supply for SBLSA.
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Fig. 1.  Schematic of proposed SBLSA deployed with boosting circuitry.
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Fig. 2. Schematic of conventional Voltage Latch SA (VLSA).
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Fig. 3. Boosting circuit concept comprised of four phases (A-D) and its

transistorized circuit model used in SBLSA sensing scheme.

The boosting circuit in SBLSA has four phases (A-D) which
are conceptualized in Fig. 3 with its transistorized circuit model.
The functionality of SBLSA across each phase can be explained
as following: A) Sample BL/BLB: Initially with SAE1 and
SAE3 being low (P3/P4 ON, N5 OFF) and SAE2B being high
(P5/P6 OFF, N3/N4 ON), allow BL/BLB to charge Q/QB and
MOS capacitor devices (P7/P8) to Vg s B) Prepare for
Boost: Isolate BL/BLB from Q/QB by making SAE1 high
(P3/P4 OFF). C) Allow Boosting: By this moment, MOS
capacitors have potential of Vg g g 0n Q/QB while QX/QXB
nodes are discharged to GND. Making SAE2B low (P5/P6 ON,
N3/N4 OFF), allows BL/BL to charge up QX/QXB nodes to
VpueLe. Since the potential across capacitors can’t change
instantaneously, the un-driven Q/QB nodes boost up in
accordance with QX/QXB. Theoretically, making QX/QXB rise
to VpueLp allows Q/QB to boost up to 2xVg s e giving 2XCMB.
Assuming V.= Vpp and Vg 5= Vpp — AV, DMB also results
in 2xAVg.. D) Enable Latch & Resolve: Finally, SAE3 is
asserted high to start the regeneration process and resolve
output. Due to the addition of the boosting circuit, unlike in
VLSA, cross-coupled inverter gates in SBLSA are driven with
higher gate-to-source voltage owing to CMB and higher
differential overdrive voltage owing to DMB. This makes
SBLSA capable of operating deeper into the subthreshold
region with increased offset tolerance.
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Fig. 4. Post-extracted transient simulation comparison between VLSA and
SBLSA at Vpp 0f 0.4 V with applied AVg, of =25 mV.

Boosting scheme, however, impose non-ideality due to
charge sharing between MOS capacitors and internal
capacitances of the latching element. Moreover, as CMB raise
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Q/QB nodes towards Vpp + Vrnpaps, it can partially turn on
P3/P4 devices leaking boosted charge back into bitlines and also
slightly forward bias the pn junctions at the p+ diffusions on the
Q/QB nodes leaking boosted charge back to Vpp through n-well;
all resulting in reduced CMB and DMB. The MOS capacitor size
was chosen as a compromise between boosting benefits and SA
area penalty. The SAE phase sequence (A-D) is simply
generated by few inverters. The transient operation
(post-extracted) of the SBLSA indicating both CMB and DMB
of 27% and 98% is shown in Fig. 4 while making a comparison
with VLSA, respectively. The simulations were performed at
0.4V and 25 °C/TT corner with AVg_of —25mV.
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Fig. 5. Post-extracted characterization: Differential and Common mode
large-signal boosting for SBLSA across Vpp and worst-case corners.

Fig. 5 shows the post-extracted simulations characterizing
DMB and CMB across Vpp and worst-case corners validating
functionality of the boosting circuit. For 25 °C/TT corner at
AVg. = 25 mV, DMB is between 50% — 98% and CMB is
between 18% — 25% for 0.2 V — 0.4 V supply voltage range,
respectively. The average total power consumption of SBLSA
(internal circuit + output loads + loading at switches in boosting
circuity) is increased by 2x — 3x compared to VLSA under the
assumption of 100% data activity as shown in Fig. 6. However,
the Energy-Delay-Product is lower for SBLSA than VVLSA for
0.3V — 0.6 V supply voltage range (owing to DMB peaking)
and comparable elsewhere (owing to reduced sensing delay
improvement due to diminishing DMB) with the same activity
rate assumption as before. Moreover, for the practical read
activity of 10% — 20%, power consumption of SBLSA in
SRAM would be much lower compared to SRAM’s leakage
power in the retention mode.
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Fig. 6. Total average power consumption and Energy-Delay-Product

comparison between VLSA and SBLSA (post extracted simulations).
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I1l. MEASUREMENTS

Shmoo plots of Frequency-Vpp (with 0.5 MHz and 10 mV
step size at 25 °C) and Temperature-Vpp (with 10 °C and 10 mV
step size at 5 MHz) were measured comparing both schemes on
a typical die at AVpg_ of 40 mV with the passing threshold of
<0.8% SA read error rate. As depicted in Fig. 7, at a given Vpp,
SBLSA is capable of operating at higher frequency and wider
temperature range compared to VLSA. Temperature-Vpp shmoo
plot indicates that SBLSA operates reliably across entire
temperature range of —25 °C to 85 °C at 0.35 V whereas it is
0.41 V for VLSA. At 25 °C, SBLSA can operate reliably at
minimum Vpp of 0.23 V which is 30 mV lower compared to
VLSA. Sensing delays from maximum possible frequency of
operation at a given Vpp were extracted (Sensing Delay (ns) =
1/(2-Fregmax)) from Frequency-Vpp shmoo plot for both sensing
schemes where the relative trends closely match with the post-
extracted simulations as shown in Fig. 8. SBLSA achieves
38.5% improvement in sensing delay at 0.3 V.
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Fig. 7. Measured Frequency-Vpp (top) & Temperature-Vpp (bottom) shmoo
plots on a typical die for VLSA and SBLSA. Measurements performed at
constant AVg, of +40 mV where the worst-case yield was considered.
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Fig. 8. Measured (on a typical die) and post-extracted simulation sensing
delay vs Vpp comparison between VLSA and SBLSA.
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Cumulative distribution function (CDF) of yield curves were
measured across Vpp (0.23 V to 0.7 V) and temperature (—25 °C
to 85 °C) at 5 MHz while sweeping AV, in [0, +5mV, —5mV,
... +50mV, —50mV] pattern. Yields at given AVp_ were
combined from 16 dice (8192 SAs each) giving CDF plot at a
given Vpp and temperature. The standard deviation of the
input-referred offsets (Stdos) were extracted from the
probability density curves derived from their respective CDF
curves; example shown in Fig. 9. Stdos vs Vpp curves in Fig. 10
show that SBLSA has lower Stdos compare to VLSA across all
Vpp at respective temperatures. Complying with DMB
simulations, Stdos of SBLSA is relatively lower where the DMB
is peaking (0.4 V—-0.5 V) with sufficient stability across
temperature. Both schemes had their Stdos decreased from
low-to-high temperatures at a given Vpp. At 25 °C, SBLSA had
23.3% and 24.7% (peak) improvement at 0.3 V and 0.4 V in
Stdos as shown in Fig. 11 (a), respectively. According to the
work of Pileggi et. al. [7], since VLSA’s offset is mainly
determined by its NMOS pair accurately following Pelgrom’s
mismatch model, the maximum possible offset improvement
with 12% (incurred sensing area penalty in proposed SBLSA)
additional area in NMOS pair of VLSA is only 5.5%, whereas
SBLSA takes this improvement to ~4x higher. The Inter-Die
standard deviation of Stdos (ID-Stdsg.0s) Was also extracted over
512 SAs on each of the 16 dice. From Fig. 11 (b), ID-Stdsg.0s IS
within 0.25 mV—1.25 mV for SBLSA (lower or comparable to
VLSA) under all testing conditions further validating inter-die
consistency of offset tolerance with proposed SBLSA scheme.
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function of input-referred offset statistics of VLSA and SBLSA across 16 dice
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Measured Stdog of 8192 SAs (

Copyright (c) 2018 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.

The final version of record is available at

Similar to [2], addressable arrays (512 each) of both VLSA
and SBLSA (layout shown in Fig. 12) were prototyped in
65nm-GP  CMOS  for  direct input-referred  offset
characterization with BL/BLB driven and swept externally.
Fig. 13 shows the die photograph annotated with top level test-
chip blocks. The SAE timing circuit was also arrayed along with
its respective sensing scheme to include the impact of timing
variation; especially to add additional rigor for boosting circuit.
However, in full SRAM systems, all three SAE timing signals
can be shared across SBLSAs similar to how a single SAE signal
would be shared across VLSAs. The timing sequence of SBLSA
in full SRAM is shown in Fig. 14. It shows that SAE1 to SAE3
delay can be absorbed while AV, is developed on bitlines. Note
that in phase C, as SAE2B makes 1->0 transition with AV, still
under development, BL/BLB now charge up QX/QXB nodes. In
parallel, the Q/QB nodes gets boosted in accordance with
QX/QXB taking full benefit of discharged bitlines during entire
WL pulse. Finally, the comparison of SBLSA with the
state-of-the-art SA schemes is shown in Fig. 15.
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Fig. 11. (a) Stdos improvement from Fig. 10 across Vpp and Temperature.
(b) Measured ID-Stdg.0s extracted over 512 SAs on each of 16 dice.

Oxide diffusion Poly-si N-well

4.12um

SBLSA Sensing Circuitry
4.7um

Timing Inverters + NAND
>| 44um

. Layout of proposed SBLSA with SAE timing circuitry.

CMOS W

COLDECODER  BL BLB RO
v ESD CLAMPS .

12-BIT ADDRESS,,
ROW DECODER

ROW DRIVER LEVEL

SHIFTERS

PRE-CHARGE & KEEPER

Fig. 13. 65nm CMOS test-chip with 512 arrays of VLSA & SBLSA.

http://dx.doi.org/10.1109/LSSC.2018.2794827
IEEE SOLID-STATE CIRCUITS LETTERS, VOL. 1, NO. 1, JAN. 2018

: : CLK I L

5 woepr— L

g BL/BLB TV,

t; HHE SAE1 SAE to SAE3 delay

bsorbed in WL pul

é e SAEZ ‘_B’SOI' ed Iin pulse
Timi SAE3 QIQBgoosted iﬂ
iming ccordance witl
ircui Column Decoder
Cmiult I — — ] QB QX/QXB
SAET oo0 Q [After SAE2B 1+0)
SAE2B BL/BLB now
SAE3 QXB | charge x/0xB

SBLSAs ax
® ©
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IV. CONCLUSION

The Sample-Boost-Latch based SRAM SA, SBLSA was
proposed. It achieves 23.3% and 38.5% measured improvement
in standard deviation of input-referred offset and sensing delay
in 65nm-GP CMOS compared to conventional VLSA,
respectively. It is also capable of operating at 30 mV lower
supply (at 0.23 V) at 25 °C and offers wider reliable operation
coverage across temperature compared to VLSA.
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