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Abstract—A novel explicit-pulsed dual-edge triggered sense-am-
plifier flip-flop (DET-SAFF) for low-power and high-performance
applications is presented in this paper. By incorporating the
dual-edge triggering mechanism in the new fast latch and em-
ploying conditional precharging, the DET-SAFF is able to achieve
low-power consumption that has small delay. To further reduce
the power consumption at low switching activities, a clock-gated
sense-amplifier (CG-SAFF) is engaged. Extensive post-layout
simulations proved that the proposed DET-SAFF exhibits both
the low-power and high-speed properties, with delay and power
reduction of up to 43.3% and 33.5% of those of the prior art,
respectively. When the switching activity is less than 0.5, the pro-
posed CG-SAFF demonstrates its superiority in terms of power
reduction. During zero input switching activity, CG-SAFF can
realize up to 86% in power saving. Lastly, a modification to the
proposed circuit has led to an improved common-mode rejection
ratio (CMRR) DET-SAFF.

Index Terms—Clock-gated, high-performance,
sense-amplifier flip-flop.

low-power,

I. INTRODUCTION

N many digital very large scale integration (VLSI) designs,

I the clock system that includes clock distribution network
and flip-flops, is one of the most power consumption compo-
nents. It accounts for 30% to 60% of the total system power,
where 90% of which is consumed by the flip-flops and the last
branches of the clock distribution network that is driving the
flip-flop [1]. With the recent trend in frequency scaling and deep
pipelining, this clocking system power may be even more pro-
nounced. As the power budget of today’s portable digital circuit
is severely limited, it is important to reduce the power dissipa-
tion in both clock distribution networks and flip-flops. More-
over, because of the tight timing budget at high frequency oper-
ation, the latency of the flip-flops should be minimized. Hence,
the ability to achieve a design that ensures both power consump-
tion and small latency is essential in modern VLSI technology.
The dual-edge triggering is an important technique to reduce
the power consumption in the clock distribution network. By
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utilizing dual-edge triggering, the flip-flop is capable of sam-
pling data on both rising and falling edges of the clock so that
only half the clock frequency is needed to obtain the same data
throughput of single edge-triggered flip-flops (SETFFs) [2]. Re-
cently, several low-power high-speed DETFF structures have
been proposed [3]-[10].

In this work, we extensively studied the operation of existing
flip-flop architectures, analyzed their weaknesses and pro-
posed new sense-amplifier based flip-flop circuits (hereinafter,
referred to as a “SAFF” circuit) due to its differential character-
istics, fast operation speed, and low-power consumption. This
SAFF circuit is implemented by various approaches within dig-
ital circuits such as microprocessors, digital signal processing
units, and the like. The first flip-flop achieves substantial power
reduction by concurrently incorporating dual-edge triggering
and conditional precharging. It also minimizes the latency by
making use of a fast symmetrical latch. By using our first pro-
posed design as the baseline circuit, we developed a novel clock
gating flip-flop circuit to further reduce the power dissipation
and at low input switching activity, the second proposed design
promises an even greater amount of power savings.

For the rest of the paper, we organize our discussions in
the following manner. In Section II, the recently published
state-of-the-art dual-edge triggered flip-flops (DETFFs) are
reviewed. Section III presents the structure and operating
principle of the two proposed designs. In Section IV, the
simulation methodology employed for flip-flop comparison
with recently published designs, namely, the static output-con-
trolled discharge flip-flop (SCDFF) [8], the dual-edge triggered
static pulsed flip-flop (DSPFF) [9], and the adaptive clocking
dual-edge triggered sense amplifier flip-flop (ACSAFF) [10],
respectively. In Section V, we describe a modified version
of the DET-SAFF that showed an improved common-mode
rejection ratio (CMRR). Finally, we draw our conclusion in
Section VL.

II. REVIEW OF STATE-OF-THE-ART DUAL-EDGE
TRIGGERED FLIP-FLOPS

A. Static Output-Controlled Discharge Flip-Flop

The schematic diagram of the static output-controlled dis-
charge flip-flop (SCDFF) is illustrated in Fig. 1. SCDFF in-
volves an explicit pulse generator and a latch that captures the
pulse signal. The latch structure of SCDFF consists of two static
stages. In the first stage, input D is used to drive the precharge
transistor so that node X follows D during the sampling pe-
riod. In addition, the conditional discharging technique is im-
plemented by inserting a QB-controlled nMOS in the discharge
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Fig. 1. Static output-controlled discharge flip-flop (SCDFF): (a) dual pulse
generator and (b) static latch.
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path, which prevents unnecessary discharging at node X as long
as the input remains high. The major advantage of SCDFF is low
power consumption and soft-edge property. However, a delay is
always presented between Q and QB due to the single-ended
nature of SCDFF.

B. Dual Edge-Triggered Static-Pulsed Flip-Flop

The dual-edge triggered static pulsed flip-flop (DSPFF) is
shown in Fig. 2. In its pulse generator, the four inverters are used
to generate the inverted and delayed clock signals. These signals
along with two nMOS pass transistors create a narrow sampling
window at both the rising and falling edges of the clock. Once
the PULS signal is generated, both pass transistors, N1 and N2,
are turned on to capture the inputs data so that either SB or RB
will be discharged. A smaller delay can be obtained since DB
and D are directly fed to the nodes, SB and RB, respectively. The
pMOS transistors, P1 and P2, together with two weak nMOS
transistors, N3 and N4, effectively avoid the floating of nodes
SB and RB when the flip-flop is opaque, thereby providing a
fully static operation. The explicit pulse generator is simple and
suitable for dual-edge triggering. The static feature of DSPFF
eliminates unnecessary transitions. Symmetrical output delays
can be obtained by carefully sizing the transistors’ aspect ra-
tios. However, the flip-flop latency may be degraded due to the
large capacitive loads at the SB and RB nodes. On top of that,
DSPFF suffers from high leakage current. This is caused by a
high-voltage drop across either transistor N3 or N4, when they
are off.
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Fig.2. Dual edge-triggered static pulsed flip-flop (DSPFF): (a) dual pulse gen-
erator, and (b) static latch.

C. Adaptive Clocking Dual Edge-Triggered Sense-Amplifier
Flip-Flop

The schematic diagram of adaptive clocking dual-edge trig-
gered sense amplifier flip-flop (ACSAFF) is presented in Fig. 3.
ACSAFF is an implicit dual-edge triggered sense amplifier flip-
flop. It consists of three stages, i.e., the adaptive clock inverting
stage, the front-end sensing stage and the Nikolic’s latch [11]
stage. The adaptive clock inverter chain is designed to disable
some internal clocked transistors when the data switching ac-
tivity is low. The signal derived from node NC of the sensing
stage is used to implement adaptive clocking. If input D is dif-
ferent from output Q, node NC will be pulled up, to turn on
transistors N1 and N2. Consequently, the desired inverted and
delayed signals, CLK3 and CLK4, will be produced so that a
narrow transparent window is created on the rising or falling
edges of the clock. Either SB or RB will be discharged during
this transparent period, changing the output state in the latching
stage. Once the output state is altered, the charging path of NC is
blocked and NC will be discharged through either N3 and N4 or
N5 and N6, thereby disabling the inverter chain. When D is the
same as Q, node NC is low and the flip-flop is opaque. ACSAFF
obtains great power reduction at low switching activity. Nev-
ertheless, the adaptive clocking requires more transistors and
hence causing the circuit to be more complex. This will lead to
greater power consumption at high switching activity and the
degradation of the flip-flop speed.

Since the front-end sensing stage of ACSAFF [see Fig. 3(a)]
is a differential pair like the sense-amplifier, the ratio of the de-
sired differential-mode gain (Aqm,) to the undesired common-
mode gain (A..,) is analyzed. The magnitude of this ratio is de-
fined as the common mode rejection ratio (CMRR) [12]

Adm
Acm ’

CMRR — ‘ (1)
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Fig. 3. Adaptive clocking dual edge-triggered sense-amplifier flip-flop:
(a) adaptive clocking inverter chain; (b) front end sensing stage; and (c)
Nikolic’s latch.

CMRR serves as a measure of the amount of wanted signal to
the unwanted corruption that appears at the output when the
input contains both the differential component and common-
mode noise. The CMRR of ACSAFF [10] is the same as that of
conventional differential amplifier and is given as follows [12]:

dm

CMRRACcsAFF =

=1 + 2(gm + gmb)RTotal (2)

cm

where gy, and gy, are the transconductance and body-effect
transconductance of the common-source amplifier, respectively.
Rota1 18 the total resistor of the tailed transistors (N3-N6).

III. PROPOSED DUAL-EDGE TRIGGERED FLIP-FLOPS

In this section, two new dual edge-triggered sense-amplifier
flip-flops are constructed and discussed. The first proposed
flip-flop is named the dual edge-triggered sense-amplifier
flip-flop (DET-SAFF) and the second one, the clock gating
sense-amplifier flip-flop (CG-SAFF).

A. Dual-Edge Triggered Sense-Amplifier Flip-Flop

The schematic diagram of the proposed DET-SAFF is given
in Fig. 4. It consists of three stages: the pulse generating stage,
the sensing stage and the latching stage. The simple pulse gener-
ator used in DETSAFF is the same as that of [13]. The dual edge-
triggered pulse generator produces a brief pulse signal synchro-
nized at the rising and falling clock edges. The pulse gener-
ator can be shared by multiple flip-flop circuits when a group
of flip-flops are located closely.

CP1 CP2
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Fig. 4. Proposed dual edge-triggered sense-amplifier flip-flop: (a) dual pulse
generator; (b) sensing stage; and (c) symmetric latch.

For a sense amplifier based flip-flop, in the evaluation phase,
as soon as D is low, SB will be set to high, and if D is high, RB
will be set to high. Therefore, the conditional precharging tech-
nique is applied in the sensing stage of DET-SAFF, to avoid
redundant transitions at major internal nodes. Two input con-
trolled pMOS transistors, SP1 and SP2, are embedded in the
precharge paths of nodes SB and RB, respectively. In this case,
if D remains high for n cycles, SB may only be discharged in
the first cycle. For the following (n — 1) cycles, SB will be
floating when PULS is low or fed to the low state DB when
PULS is high. As for RB, it only needs to be precharged in the
first cycle and remains at its high state for the remaining cycles.
Since the precharging activity is conditionally controlled, the
critical pull down path of SB and RB is simplified, consisting of
only one signal transistor. This helps to reduce the discharging
time significantly. As such, the resulting sensing stage possesses
low-power and high-speed features.

To further improve the operating speed, a fast symmetric latch
is developed. Similar to the Nikolic’s latch and Strollo’s latch
[14], the new latch makes use of SB and RB to pull up the
output nodes. But the pull down path is modified. It composes a
PULS-controlled nMOS pass transistor, through which D (DB)
is directly fed to the Q (QB) node. This topology significantly
speeds up the high-to-low output transition because the output
latch immediately captures the input value once the PULS signal
is generated. On the other hand, the low-to-high latency will also
be improved. This is because the output node will not only be
charged by the pull-up transistors, LP1 and LP2, but also the
pass transistors, LN1 and LN2. Note that the pass transistors
cannot fully charge a node to high, but it can assist with the
pull-up transition. The four inner transistors, LP3, LP4, LN3,
and LN4, are of minimum sizes, serving the purpose of main-
taining the output state when the flip-flop is opaque.

For the proposed DETSAFF and previously mentioned dual-
edge designs, such as the SCDFF and DSPFF, the power saving

Authorized licensed use limited to: Nanyang Technological University. Downloaded on May 20,2010 at 02:04:51 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of thisjournal. Content is final as presented, with the exception of pagination.

DB DB

N1 X N3 Y
D__ w2 D N4

QBI Ql

/ No PULS signal

IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS

! X
LK R ] Ii
C b D |
IR R i
T |
: I
e — —— e
Q | |' | J

I | I
CLK_ ! | ! |
CLRL ) L L L L
e T 1l u L
CLK3 |_| |'|' [ |_|' [
J_ |_ I |_ Il
PULS | |1

NP RNV NN NI NI (I N S ———

—-_———

(b

f"\,,—k__l_.-"“j

s\

(©

Fig. 5. Proposed clock-gated pulse generator: (a) schematic diagram; (b) timing diagram; and (c) simulated waveform.

techniques are only applicable for the latch part of the flip-flops.
As the switching activity of the clock signal is 1, the pulse gen-
erator will always be operating even when the input invokes
no output changes. These unnecessary transitions cause a lot of
power to be wasted, especially at low input switching activities.

B. Clock-Gated Sense-Amplifier Flip-Flop

In order to eliminate the redundant transitions in the pulse
generator, the CG-SAFF is constructed. It utilizes the DET-
SAFF design as a baseline and incorporates the clock gating
technique.

In CG-SAFF, the clock gating technique is implemented by
embedding a control circuit in the explicit pulse generator so
that the PULS signal generation is disabled in a redundant event.
The schematic and timing diagrams of the clock gated pulse
generator are shown in Fig. 5.

In order to compare the previous and current input values, two
comparators are applied to produce signals X and Y, by using
the differential inputs, D and DB, and the buffered outputs, Q1
and QBI1, as control signals. If D is different from the output
Q1 (Q), X will be pulled up to high and Y to low. Transistor
CN3 is turned on to allow the clock signal to pass through as
CL. CL is known as the gated clock. At the same time, CP1 is
on and drive the CLK1 signal to high before the rising edge of
the clock. At the rising edge of the clock, CL is high and its de-
layed signal CLK3 remains low. Therefore, transistor CN5 and
the transmission gate are turned on, driving the PULS signal to
high. After a short period, the transparent window is closed as
CLK1 goes low and CLK3 is pulled up. Thus, a short transparent

period is created at the rising edge of the clock. Note that signal
CLK1 is used for pulse generation rather than CLK2. Such de-
sign aims to ensure that the flip-flop only captures the data at the
triggering edge of the clock, thereby preventing race problems.
At the falling edge of the clock, CL is low and CLK3 is high.
Transistor CP5 is selected and generates a high PULS signal.
The sampling window is shut down once CLK3 is low. When
the input D remains the same in consecutive clock cycles, X is
low and Y is high. CL is pulled down by CN4 so that the corre-
sponding CLK3 will be low regardless of the CLK signal. CLK1
may only be discharged at the first clock cycle and maintains its
low state in the remaining clock cycles. As a result, the flip-flop
will remain opaque and thus, the power can be saved.

The sensing and latching stages of the proposed CG-SAFF
are illustrated in Fig. 6. The sensing stage is the same as
DET-SAFF. Since the generated PULS signal is more heavily
loaded than that of DET-SAFF, a modified Nikolic’s latch [15]
is used. It does not require any clock signal and provides the
most stable operation. The inner holding topology is modified
to obtain buffered differential outputs, Q1 and QBI, with
reduced load capacitances. In the clocking stage, Q1 and QB1
are used to generate X and Y instead of using Q and QB. This
helps to improve the performance of CG-SAFF significantly.

The CMRR performance of the front-end sensing stage of the
proposed SAFF is also analyzed and C'M RRpyoposed 1S unity.
This is because the differential gain (Aqy,) and common mode
gain (A.m) of the proposed sensing stage are the same. A de-
tailed small-signal analysis of CMRRp,qposed 1S given in the
Appendix.
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Fig. 6. Proposed clock-gated sense-amplifier flip-flop: (a) sensing stage, and
(b) latching stage.

IV. SIMULATION METHODOLOGY AND
PERFORMANCE COMPARISONS

To evaluate the performance of the proposed flip-flops, com-
parisons had been performed with other dual edge-triggered de-
signs, including SCDFF [8], DSPFF [9], and ACSAFF [10].
All the flip-flops were designed using Chartered Semiconductor
Limited’s 0.18-pm CMOS process technology, at an operating
temperature of 27 °C and a supply voltage of 1.8 V, using Ca-
dence SPECTRE. The designs were optimized for a clock fre-
quency of 0.8 GHz. A load capacitance of 100 fF was used for
all outputs. All the measurements were taken over a 16-cycle
data sequence of alternating 1’s and 0’s. The performances of
all the flip-flops were measured based on their post-layouts re-
sults with all parasitic extracted and backannotated in the circuit
simulation environment.

Fig. 7 presents the comparison results on power dissipation at
different input switching activities. The proposed DET-SAFF
has the minimum power consumption when the switching ac-
tivity is greater than 0.5. At maximum input switching activity,
DET-SAFF offers 20.3%, 23.2%, 33.5%, and 26% power re-
ductions as compared to SCDFF [8], DSPFF [9], ACSAFF [10],
and the proposed CG-SAFF. ACSAFF and CG-SAFF consume
more power at high input switching activities due to the addi-
tion of the control circuits in the pulse generating paths. How-
ever, CGSAFF exhibits its superiority in power saving when the
input switching activity is less than 0.5. With an input switching
activity of 0.25, the power consumption of CG-SAFF is 20.8%,
27.6%, 7%, and 7.6% less than SCDFF, DSPFF, ACSAFF, and
the proposed DET-SAFF, respectively. The highest reduction of
power consumption is achieved when D is idle. And in this case,
the power saving is more than 75% as compared to all other re-
ported flip-flops.

OSCDFF EDSPFF MACSAFF EProposed

DETSAFF

MW Proposed
CGSAFF

a=1 a=0.67 a=0.5 a=0.25 a=0 a=0 All"0"
o . ALt
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Fig. 7. Power consumption versus data switching activities.
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Fig. 8. Power consumption of pulse generator versus data switching activities.

To further explore the effect of clock gating, the power con-
sumptions of the pulse generator at different switching activities
are measured and the results are shown in Fig. 8. For SCDFF,
DSPFF and the proposed DET-SAFF, the power dissipation of
the pulse generator are unchanged for all input switching activ-
ities. This is because the switching activity of the clock signal
is always 1 regardless of the input patterns.

For CG-SAFF and ACSAFF, the pulse generator is condi-
tionally controlled and the power dissipation decreases with the
input data switching activity.

The power consumption of CG-SAFF is reported as a linear
function of input switching activity as all the redundant transi-
tions are eliminated. ACSAFF, on the other hand, does not ex-
hibit this linear property. This is because the signal CLK1 will
be generated regardless of the input switching activity. There-
fore, CG-SAFF is more power efficient.

Table I summarizes the performance metrics of the reviewed
flip-flops and proposed designs, at input switching activity
of « = 1. The proposed DET-SAFF and CG-SAFF have
the smallest CLK-to-Q delay among the simulated flip-flops.
DETSAFF achieves 23% to 43.3% reduction in delay. For
CG-SAFF, this improvement is 11.6% to 26.3%, respectively.
The relationship of CLK-to-Q delay with respect to the D-CLK
delay is presented in Fig. 9, which describes the operation
regions of the simulated flip-flops. In the meta-stable region,
the CLK-to-Q delay of DET-SAFF increases slower with
respect to the decrease of the D-to-CLK delay. This indicates
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6
TABLE I
PERFORMANCE COMPARISON OF FLIP-FLOPS

Desi SCDFF DSPFF ACSAFF  DET- CG-

CSIENS (8] [9] [10] SAFF SAFF
83("0"3 delay 4704 2069 1764 1172 1524
Min D-to-Q
delay (b9 169.4 1578  421.1 93.42 307
Setup time (ps) -98 -128 180 -70 90
Hold time (ps) 357 252 222 258 199
MOCF* (GHz) 1 1.43 0.83 1 1.25
# of transistors 29 24 39 22 40
Total width
() 55.64 6682 11446 5559  96.52
Layout Area 199.5 1899 2617  157.85  267.6
(um)

*MOCF: Maximum Operating Clock Frequency is the highest clock
[frequency at which the outputs are able to maintain 90% of the output
full swing at maximum data activity.

*MOCF: Maximum Operating Clock Frequency is the highest clock

frequency at which the outputs are able to maintain 90% of the output full
swing at maximum data activity.

600
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M
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Fig. 9. CLK-to-Q delay as a function of D-to-CLK delay.

that the proposed DET-SAFF provides more design flexibility
and robustness against large uncertainties of clock signal. For
CG-SAFF, its CLK-to-Q delay is extended mainly due to the
implementation of clock gating technique.

The setup time can be referred in Fig. 10, which shows the
relationship of the average D-to-Q delay with respect to the
D-to-CLK delay. Due to the pulse-triggered structure, DET-
SAFF has a negative setup time of —70 ps. This provides the
soft clock edge property, to allow time borrowing between adja-
cent pipeline stages. Moreover, the D-to-Q curve of DET-SAFF
is relatively flat around the optimal setup time point, which pro-
vides certain level of absorption for clock uncertainty. The setup
time of CGSAFF is positive. This is caused by the circuit struc-
ture, i.e., the input D should propagate through the comparator
and gating logic before the triggering edge of the clock, so as
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Fig. 10. D-to-Q delay as a function of D-to-CLK delay.

TABLE II
NUMERICAL RESULTS OF PDP AT v = 0.667 AND @ = 0.25

Desians SCDFF  DSPFF  ACSAF DET- CG-

g 8] [9] F[10] SAFF SAFF
w0k 1471185 1628 815 1366
masns A8 B3 68 47 524

to decide the passage of the clock signal. The setup time can be
reduced by making use of the monotonic differential inputs.

For our analysis on hold times, SCDFF, DSPFF and the pro-
posed DET-SAFF are noted to have larger hold time values. A
traded off between the setup time and hold time is inevitable
and the consequence of widening the transparent window has
resulted in a more negative setup time as well as an increase in
the hold time.

Both DET-SAFF and CG-SAFF are robust at high frequency
operation. With regards to the area occupation, the layout of
DET-SAFF consumes 16.9% and 20.9% less silicon area than
SCDFF and DSPFF, respectively, while CG-SAFF occupies the
most silicon area.

The power-delay-product (PDP) is calculated to evaluate the
tradeoff between the power and CLK-to-Q delay. As shown in
Table II, the proposed flip-flops have the smallest PDP. DET-
SAFF is able to attain a maximum PDP improvement of 55.6%.

V. PROPOSED DUAL EDGE-TRIGGERED SENSE-AMPLIFIER
BASED FLIP-FLOP WITH IMPROVED COMMON-MODE
REJECTION RATIO

In an attempt to improve the CMRR of the proposed DET-
SAFF, which has been analyzed to be 1 (refer to Appendix),
we modified the sensing stage of the proposed DET-SAFF. An
additional pMOS transistor SP3 is added to the proposed design
(see Fig. 11) and the circuit is renamed mDET-SAFF. In mDET-
SAFF, transistors SN1 and SN2 are controlled by D and DB,
respectively. The additional transistor SP3 is triggered by the
clock pulse signal PLUS, thus reducing the load on the clock
pulse from two transistors to one transistor and with improved
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Fig. 11. Modified version of sensing stage of the proposed DET-SAFF.
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Fig. 12. Power consumption comparison between original and modified ver-
sions of the proposed DET-SAFFs at different input activities.

CMRR. The CMRR of mDET-SAFF is now the same as that
of the conventional differential amplifier and is given as follows
[12]:

Adm
Acm

CMRR,,,DET-SAFF = =1+ 2(9m + gmb)Rrotar 3)

where g, and g, are the transconductance and body-effect
transconductance of the common-source amplifier, respectively.
Rrota 1s the total resistor of the tailed transistor (SP3). Fig. 12
presents the comparison results on power dissipation at different
input switching activities between the proposed DET-SAFF and
mDET-SAFF. With respect to PDP, the mDET-SAFF consumes
6.5% more PDP as compared to the proposed DET-SAFF. How-
ever, the modified version of the proposed DET-SAFF has a
much improved CMRR than that of the proposed DET-SAFF.

VI. CONCLUSION

This paper presents two novel dual-edge triggered flip-flops
for low power and high performance applications. DET-SAFF
achieves substantial power reduction by incorporating
dual-edge triggering and conditional precharging. It also
minimizes latency by utilizing a fast latch. In addition, it has
a negative setup time of 70 ps which provide useful attribute
to time borrowing and clock uncertainty absorption. CGSAFF

PULS PULS

DB D

Fig. 13. Proposed SAFF’s front-end sensing stage with differential input.

is superior in power saving at low switching activities. As
compared to ACSAFF, which also has a power saving pulse
generator, CG-SAFF outperforms in terms of power consump-
tion (maximum of 75%), latency (27%), setup time (50%)
and operation stability. Furthermore, a modified version of
the DET-SAFF is introduced, which significantly improves
the CMRR. Although this modified version consumes about
5% more power than the proposed DET-SAFF, both versions
of the proposed DET-SAFFs have conclusively proved their
robustness and suitability of applications when low power and
high speed are of equal importance. But for low input switching
activities, CG-SAFF is still preferred in the non-critical paths.

APPENDIX

A detailed analysis of CMRR for the proposed SAFF is
given in this Appendix. The schematic diagram of its front-end
sensing stage of Fig. 4(b) is redrawn (see Fig. 13) with the
common-mode input voltages set to zero so we can consider
the effect of differential-mode data input “D” and “DB” by
itself. In the evaluation phase, as soon as D is low, SB will be
set to high, and vice versa. During the transparency period,
nMOS transistors SN1 and SN2 are considered as switches.
When PULS is high, nodes SB and RB are shorted to DB and
D, respectively. The small-signal characteristic is considered
whereby the input signals D and DB transits from high-to-low
or low-to-high.

Because the inputs are driven by equal and opposite voltages,
when one side pulls up, the other side pulls down. Hence, the
response to small-signal differential inputs can be determined by
analyzing one side of the circuit. This simplified circuit, shown
in Fig. 14(a) is called the differential-mode half circuit and its
equivalent small-signal model is illustrated in Fig. 14(b). By
inspection of Fig. 14(b), we recognize this circuit as the small-
signal equivalent of a common-source amplifier. Therefore

Uod = — gm - T0 - Vid 4)
Vod

Adm = = —9m - To- (5)
Vid |pic=0

The circuit is now considered from a small-signal common-
mode standpoint. Setting inputs D = DB = wj, the circuit is
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Fig. 14. (a) Differential-mode half circuit and (b) small-signal equivalent cir-
cuit.
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Fig. 15. (a) Common-mode half circuit and (b) small-signal equivalent circuit.

redrawn in Fig. 15(a) and its small-signal equivalent circuit is
shown in Fig. 15(b).

Similarly, by inspection of Fig. 15(b), we recognize this cir-
cuit as the small-signal equivalent of a common-source ampli-
fier. Therefore, the value of A.,, is same as that of A4, and
CMRRp;oposed becomes unity.

We have also analyzed the power-supply rejection ratio
(PSRR) of the proposed SAFF and its equivalent circuit of the
front-end sensing stage with varying power supply voltages is
shown in Fig. 16. The small-signal variation on positive power
supply is v4q. If vic = 0 is assumed during transparency period
for simplicity, the resulting small-signal sensing stage output
voltage is

Vo = Admvid + AT vaq (6)

where A% is the small-signal gain from the positive power
supply to the output. The (5) is then rewritten as

At
vo = Adm ('Uid + A—Udd) @)
dm
Vdd
=Adm | Vid + —= 8
d (Ud+PSRR+> (®)
where
A
+ _ 4ldm
PSRR™ = A

The CMRR and PSRR for proposed SAFFs are also ana-
lyzed in this paper. The analyses provide good physical insights
of the various parameters affecting the circuit design perforce.
This helps circuit designer to understand the operation of the
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Fig. 16. Schematic of proposed SAFF sensing stage with supply variation
model.

sense-amplifier based flip-flop circuits and makes further im-
provement on the circuit performance.
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