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Ultra Low-voltage Differential Static D Flip-Flop
for High Speed Digital Applications

Yngvar Berg

_Abstract— In this paper we present an ultra low-voltage and frequency of a similar complementary CMOS gate operating
high speed D flip-flop. The flip-flop has an increased current at the same supply voltage. For high clock frequencies, the

level compared to standard CMOS circuits operating at low switching energy consumed by the ULV gate will be reduced
supply voltages. The increased current level is obtained by using dt | t t
a synchronized capacitive coupling to a semi floating-gate. The compared fo a compiementary gate.

delay of the static differential flip-flop presented is less than  In this paper we present an ultra low-voltage flip-flop using
12% compared to conventional differential CMOS flip-flops. The ULV CMOS logic. The ULV logic offers a significant speed

presented circuits have been simulated using?spice and are improvement compared to conventional sense amplifier flip-
Xﬁlc'jdljﬁiagfm;%gg fﬁp'vl.f?osp pcg’rfebS:'uTSZ% F;;?pgﬁiddgggl'?gﬁd flop [10]. In section 2 we propose a simple ultra low-voltage
voltage CMOS application. fl!p-flop._The prqposgd sym_metrlc e_md s_tat|c ultra Iow-volta_ge

flip-flop is described in section 3 with simulated results using

Index Terms— CMOS, Low-Voltage, Flip-Flop, Floating-Gate, a Hspice simulator,

High-Speed, Differential.

II. HIGH SPEEDULTRA Low VOLTAGE CMOS
I. INTRODUCTION

The ever increasing problem associated with modern CMOS
processes is the demand for digital CMOS gates operating
at low supply voltages. The available supply voltage and
threshold voltage is lowered as a consequence of the reduction
in transistor length. When the supply voltage is decreased the 2{
speed of the logic circuits may be reduced due to reduced ¢4{ Rn

effective input voltage to the transistors. When the threshold Cinp
voltage is reduced the off current running through transistors Eo Kp b
Vout Vin —
En

Voffset-

Voffset- ¢ 7‘ Rn

Ep

which are switched off will increase and thereby increase static vi, Vour

power consumption and reduce noise margins. Voltage scaling

reduces the active energy and unfortunately speed as well. Low ﬁ

voltage applications are often dominated by low speed and low 5—0{

energy requirements, typical battery-powered electronics. The Re

optimal supply voltage for CMOS logic in terms of Energy- _

Delay-Product (EDP) is close to the threshold voltage of the Voffset+ ¢H>{ Ro

nMOS transistoi;,, for the actual process, assuming that the

threshold voltage of the pMOS transistdy, is approximately Voffsets

equal to—V;, [1]. Several approaches to high speed and low a) Dynamic ULV b) Static ULV

voltage digital CMOS circuits have been presented [2], [3],

[4]. Fig. 1. a) simple ULV inverter and b) static ULV domino logic
Floating-gate (FG) CMOS gates have been proposed fBYerter.

ultra low-voltage (ULV) and low power (LP) logic [6], [7], ) ) ) _ o

[8], [5]. However, in modern CMOS technologies there is The s.lmple dynamlc QLV mvertgr is shown in Fig. 1 a) and

a significant gate leakage which undermines non-volatile F€ Static ULV inverter is shown in Fig. 1 b). There are two

circuits. FG gates implemented in a modern CMOS proce¥8ys to configure these inverters:

require frequent initialization to avoid significant leakage. By 1) Apply clock signals to power the inverter, i.e. connect
using floating capacitances to the transistor gate terminals the transistor £, to ¢ and E, to ¢ and precharge the
semi-floating-gate (SFG) nodes can have a different DC level  output to Vbp/2 (1/2) wheng = 1. This is called
than than provided by the supply voltage headroom [5]. precharge or recharge mode due to the recharge of the

The ULV logic [9], [14], [15] gates can be operated at a  gates through the recharge transisiy and R,,. The
clock frequency more than 10 times than the maximum clock  gate will be forced to 0 or 1 in the evaluation mode

_ _ depending on the input transition.
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¢ w this case we need to connegiV/ and QM onto the gate of
—O{ Ren o i L separete nMOS transistors. The voltage level of eiga&f or
" ﬂ” QM —— S S N QM WiII_peak toVop + (Cin/Cr) xVpp synchronizgd vyith
I &05; 2) — and the postivep edge.C;,, is the capacitance of the floating input
Df—‘ Rnt ) E capacitor andCr is the total capacitance seen by the output
Boost Qi b y_h_vv of the inverter. A typical value of’;,, compared ta’'r is 1/2
= nMOS b) M e with a cossesponding voltage peak val@g2) x Vpp. We
Lo need to make sure that the application of thé/ and QM
; L e only provide enough current to overide the output a slave latch
# Rp2 Boost QM | Z:Z whenQM and QM peaks.
C‘iln om PMOs 9 ; gndv The delay of the latch shown in Figure 2 is dependent
0 I - response of the transtsistors. The inverter must be able to
o ‘ Rrz Boost QM vDZ’ process the state of the inpDt to allow an effective current
nMOS d) S o boost. The rise and fall times of the inverter are crucial for
= I o 1 I the set-up time of the latch. The clock edge provided by the
Simplified timing response floating capacitaf’;,, will inccrease or reduce the voltage level
Fig. 2. Ultra Low-oltage dynamic differential Master latch. of the output by|Vpp /2. The output will excess the supply

voltages and the current in either the pMOS or nMOS may be
reversed. Assume the event a) |, The output voltege, will

precharge to 1 or O respectively. The gate resembles Rpve @ negative spake equal-t¢l/2) x Vpp and a negative
domino logic. In order to hold the precharged value untjurrent will flow from the output tognd. The duration of
an input transition arrives th& transistor connected the spike is very short due to the large current of fiig,,

to a supply voltage is made stronger than the other transistor. The peak current of the,, transistor pulling the
transistor. output towardsV/pp is determined by the effective voltages

In Fig. 1 b) keeper transistork,, and K, are included to

reduce static power and increase noise margin. The keeper Ves = Vb - VW
transistor will reset the non-active transistor and hence reduc- 1

ing the static current which matches the OFF current in a = Vop+ §VDD
complementary CMOS inverter. A simple model for the noise 3

margin is given byN M = I,,,/I,;s. Thus, by adding keepers = 3Vbp

we may increase the noise margin for the static ULV logic v _ 1V
compared to complementary CMOS. bs = 'bDb

lIl. ULTRA LOW-VOLTAGE MASTER LATCH and hence the current level of thg,, transistor is approxi-
CONFIGURATION mately equal to the current level of the pMOS transistor driven
A complementary CMOS inverter combined with a synby Vg ,. The critical timing parameter of the latch is the set-
chrization element can be used as a master latch in a Fliyp time.
Flop. The most common synchronization element used is aThe non-active spikes of the latch, for example a) Il, are
transmission gate where the appropriate control or clock sigmally driving the the output t&5 /2 and will not provide any
is applied to the gate terminal of the pass transistors. Thignificant current boost to a driven transistor. These events
configuration is called a level sensitive generic latch[13]. fill not result in any increased current in the inverter itself.
we use a capacitive input we can make a latch sensitive toBy rearranging the input applied to the latch we obtain a
a clock edge instead of a clock level. An example of suahaster latch where the input is applied to the source of a pass
a latch is shown in Figure 2. In this example the D input igansistor. In Figure 3 a) the nMOS pass transigtgr will
directly connected to a CMOS inverter, and hence the outdaad D onto QM when¢ = 1. When the negative clock edge
of the inverter will satisfy the equatio@utput = D when arrives the pass transistor will be turned off and a negative
in between clock edges. Assume the circuit on the top spike will be evident onQM. If D is O the negative spike
figure 2 and corresponding simle table responses labeled a) ailtiboost a pMOS driven by M. The simple latch is only
b). If the latch should be postive edge triggered timing tharsable for inputD = 0 or D = 1.
response b) is relevant. The positive clock edge will due toln Figure 3 b) theD input is passed ont@ M through an
the capacitive connection between the clock signal and outpMOS pass transistor wheh= 1. A positive clock edge, i.e.
provide a temporar postive spike at the output shown in Figugeswitches from 0 to 1, will provide a postive spike @i//.
2 b) IV. This postive spike can be used to allow a current boo&tsignificant current boost for a nMOS transistor driven by
of an nMOS transistor driven b@M. However, the current QM will occur whenD = 1. The set-up time is dependent
boost is only achieved when the inplt= 1(Vpp). We can on the delay for the pass transistor.
add an equivalent circuit shown on the bottom in Figure 2 to On the right side of Figure 3 transmission gate versions are
generate a boost for inpud = 0(gnd) shown in @) Il. In shown. These consume less power when
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Fig. 3. Dynamic ultra low-voltage high speed master latches. QM1 am2
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Fig. 4. Quas static ultra low-voltage high speed master latch.
A. Low Power ULV Master Latch Fig. 6. Low power single phase differential dynamic ULV Flip-Flop.

A Quasi static ultra low-voltage high speed and low power
master latch is shown in Figure 4. The additional transistor cgdht p — 0, henceQ M2 switches from0 to —Vpp/2, then
be used to turn off the non active transistor in aﬂiﬁerenti@ is pulled quickly to 1 bye the powerek,, transistor.,;
master latch configuration. Assume that= 0, henceD =1, || pe turned on and pulf) towards 0 andz,,» will be turned
and the control signals applied afe= 0 andA = 0. When¢  off. The keeper transistak,; will be turned on byQ andQ

switches from 1 to O the recharge transistors are turned off aggly pull QM1 to 1 (Vpp) and hence the,; will be turned
the potential oY M and@QM are dependent on the transistorgys. P

labeledR,,> and i,. In this case the pMOS transistor driven | order to stabilize the output we can add CMOS inverters
by @M and the nMOS transistor driven gy} should be off. a5 ahown in Figure 7. The master latch is active when 1.
In order to reduce the static power in this case the transistggsihis phase the differential input is latched or@d/ and
Rz andRpy will set QM to 1 (Vpp) and@M 10 0 (gnd) and - 377 and the differential output is not affected by the input

hence the transistors driven IGyM and QM will be turned  gye to the low skew inverters. The gates of transistors labeled
off. The added signald and B will be provided by the output E,, and E,, are charged byD and D respectively. At the

signals of the presented differential ULV Flip-Flops. arrival of a negative clock edge the recharge transisttys
and R,,» connected to the differential input are OFF and both
IV. ULV FLIP-FLOP QM and QM will be pulled down by the floating capacitor.

We can use the use the master latch shown in Figure 3\ can express the impact of the floating capacitors to the
implement a dynamic ULV Flip-Flop shown in Figure 5. Thdloating-gate voltages as
output is triggered synchronized with a negative clock edge.

If D=0then@QM2=20 andQMll ~ 0 WherengMl =1 Vour = Vg —kiVbp

and@QM2 ~ 1 whenD = 1. Ej; is powered ifD = 0 and Ve — Vo ki V

E,. is powered ifD = 1 and the output is set toQ = D QM b= Rin¥DD>

at the arrival of a negative clock edge. The output is dynamichere k;,, = C;,/Cr, Ciy, is the floating input capacitance
and dependent on any leakage associated @it //1 and and Cr is the total capacitance seen by a floating-gate. If
QM?2. Vou = 0V, i.e. logic 0, the effective gate source voltage of

A simple low power single phase differential dynamic ULMhe E,,; transistor is/(1+ k;,) x Vpp| after the negative clock
Flip-Flop is shown in Figure 6 where the low power mastexdge has arrived. An appropriate value fgy, is 0.5, hence
lach in Figure 4 is applied. Eithe@M1 or QM2 will be the effective gate source voltage|{8/2) x Vpp|. This is the
pulled below 0 gnd) when ¢ switches from 1 to 0. Assume only event that may override the present value of the output
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Fig. 7. The single phase high-speed ULV Flip-Flop. Fig. 9. The symmetric high-speed ULV Flip-Flop

am_I; £y QM 3) ¢ =0. QM andQM will remain more or less stable at
p1 P . . .
the value given in 2. The floating-gates are only affected
Rn1 [}C Rn2 by leakage currents.
D
Q

4) ¢ = 0 — 1. Both recharge transistors are turned off by a
O <] | postive charge provided by the capacitor. The recharge

a transistors will be turned ON and the latching of the
a) ¢ =1, hold Q and latch D differential input starts.
P

A. Timing Details

T__”MO”ET Er2 OQ—M:D—Q — 1 Prior to a negative clock edg@M and@QM needs to be at
1 ‘ D - | appropriate levels, i.e. one of the gates of H)g , transistors
needs to be close to OV in order to provide a significant boost
—o@— at the arrival of a negative clock edge. The set-up time is
1 dependent on the recharge transistdrs, , transistors and
Q=D Q the floating capacitors. The clock t@ delay is given by the
b) ¢ =1->0, set Q= QM (D) and Q = QM (D), assuming D = 1 boostedE),, /, transistor and the following low-skew inverter

that provides the inverted output.

A significant problem with this flip-flop is asymmetrical
delay. If D = 1 and D = 0, the output Q responds quickly
while @ will be pulled down to 0 by the complementary
: X X inverter. The difference in time delay will depend on the
transistor will set the outpup to 1 and the low skew inverter yitrorance in the current level of transistét,, relative to a
will respond qnd forc&)M to 0', ) ) .. standard CMOS transistor. In practice the difference in delay

The operation of the ULV flip-flop is shown in detail inis more than 10 times.

Figure 8. Depending on the clock signal the operation is
defined as

Fig. 8. The single phase high-speed ULV Flip-Flop.

of the flip-flop. The large current provided by the boosigd

V. SYMMETRIC DIFFERENTIAL ULV FLIP-FLOP

1) ¢ = 1, shown in Fig. 8 b). The recharge transistors We can use the pMOS master latch in Figure 7 and a
connecting the differential input is on and the input isimilar nMOS master latch to obtain a dynamic inverting
latched, i.eQM = D andQM = D. The output of the latch as shown in Figure 9 a). The latch is transparent when
flip-flop is stable and will not be affected by latching othe recharge transistors are ON, ig.= 1. At the arrival
the input. TheE,, /, transistors are weak and can nobf a negative clock edge one of the transistors, the recharge
affect the output. transistors are turned OFF atig); or £,; will be turned ON

2) ¢ = 1 — 0, shown in Figure 8 c). The rechargeand pull@ to D. The output state will remain until the next
transistors connecting the differential input are turned = 1 phase. The state of the latch may be affected by leakage
off. Assuming thatD is 0 a boostedz,; transistor will currents if the frequency is low.
pull QM to 1 regardless of the state of the flip-flop. The We can utilize the dynamic latch to obtain a symmetric flip-
low skew inverter will pullQM to 0. TheE, transistor flop as shown in Figure 9 b). The two cross coupled inverters
will not provide significant current. must be able to hold the output state when the latches are
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VDD thm tsu thl th2 thS th4 thB th tdq
ULVX ULVX ULV1 ULv2 ULV3 ULv4 UFF This NIK.
18 trans. | 18 trans.| 24 trans.| 16 trans.| 32 trans.| 16 trans.| 26 trans.
300mV | 0.096ns | 0.75ns 1.51ns 1.19ns 1.61ns 0.45ns 1.40ns 0.22ns 8.55ns
275mV 0.24ns 1.15ns 2.64ns 1.53ns 2.3Tns 0.70ns 2.44ns 0.29ns 12.65ns
250mV 0.46ns 2.0ns 3.26ns 2.41ns 4.17Tns 1.12ns 4.10ns 0.50ns 18.80ns
225mV 0.72ns 2.8ns 7.10ns 3.94ns 7.26ns 1.98ns 8.24ns 0.88ns 30.28ns
TABLE |

TIMING DETAILS AND NUMBER OF TRANSISTORS FOR THE SIMULATEDFFS.

The keeper transistor&,,; and K, will be turned ON due
o 10 the new output state and effectively turn off the evaluate
transistorst,,; and E,,. The static ultra low-voltafe Flip-Flop
has been compared with other ultra low voltage Flip-Flops
[12] and the Nikolic Flip-Flop[10] as shown in Table I. As
shown in Table | the FLIP-FLOP presented is simple, i.e. few
transistors, compared to the Nikolic Flip-Flop. In addition the
delay, i.e. clock to Q delay is less thans for supply voltages
> 225mV. The data to output delay of the Nikolic Flip-Flop
is close to ten times the setup plus the clock to output delay
of the flip-flop presented in this paper.

VI. CONCLUSION

Fig. 10. The low-power symmetric high-speed static ULV Flip-Flop. In this paper we have presented high-speed ultra low-voltage
static flip-flops and a dynamic latch. The latch and flip-flops

are designed for ultra low voltage digital systems, i.e. supply

transparent and thus make the flip-flop static. Alhough the ﬁggltages down to approximately 0.2V. The difierential static

flop is static the power consumption will be significant whep. _ . :
the output is stable aftep switches to 0. In order to reduce ip-flop and offers an mc_reased hoise margin due to the large
the static power consumption of the flip-flop and increase tlg)eN and OFF current ratio.

robustness or noise margin, i.éon/Iorr, We can apply

additional keeper transistor in a feedback loop as shown if; chandrakasan A.P.

lip-Flop presented is close to 10 times as fast as the Nikolic
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