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Abstr act

Sense amplifiers are one of the most critical circuits in the

periphery of CMOS memories[1]. Their performance strongly

affects both memory access time, and overall memory power
dissipation. As with other ICs today, CMOS memories are required

to increase speed, improve capacity and maintain low power
dissipation. These objectives are somewhat conflicting when it

comes to memory sense-amp design. With increased memory capacity
usually comes increased bit-line parasitic capacitance. This

increased bit-line capacitance in turn slows down voltage

sensing and makes bit-line voltage swings energy expensive

resulting in slower more energy hungry memories

This paper examines the challenges in today’s sense-amp design,
presents the limitations of the most commonly used voltage
sensing amplifier and explains how these limitations are

overcomed with the use of current sensing amplifiers.
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| nt r oducti on

Due to their great inportance in nenory perfornmance sense
anplifiers have becane a very large class of circuits.[2] Their
main function is to sense or detect stored data froma read-
selected nenory cell. Figure 1 shows a typical use of a sense

anplifier.
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Figure 1 Typical use of a sense anplifier

The menory cell being read produces a current "l para" that

removes some of the charge(dQ stored on the pre-charged bit-
lines. Since the bit-lines are very |long, and are shared by

other simlar cells, the parasitic resistance "Rg" and

capaci tance "Cg " are large. Thus, the resulting bit-line

vol tage swi ng (dVg ) caused by the renoval of "dQ' fromthe bit-
line is very small dVg =dQ Cs . Sense anplifiers are used to

translate this small voltage signal to a full logic signal that

can be further used by digital |ogic.
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The need for increased nenory capacity, higher speed, and | ower
power consunption has defined a new operating environnent for
future sense anplifiers. Below are sone of the effects of

i ncreased nmenory capacity and decreased supply vol tage:

1) Increase in the nunber of nenory cells per bit-line increases
Cg. Wwhile an increase in length of the bit-line increases Rg

2) Decreasing nenory-cell area to integrate nore nenory on a
single chip reduces the current |para that is driving the now
heavily | oaded bit-line. This coupled with increased Cg causes
an even smaller voltage swing on the bit-1ine.

3) Decreased supply voltage results in smaller noise margins

which in turn affect sense anplifier reliability.

In the next two sections two types of sense anplifiers will be

presented and their ability to deal with these newy i nposed

operating conditions exam ned.
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Vol t age Sense Anplifiers

Vol t age sense anplifiers have been known for a long tine, the

si npl est voltage sensing anplifier being the differenti al
couple[2]. Figure 2 shows a schematic diagram of a sinple
differential couple with its inputs and outputs |abeled. During
a read the input nodes (V,nt and V) would be pre-charged to
VPRE causi ng the output nodes (Vqou+ and Vgou-) to stay at the
sane | evel. The read-selected cell would then be asserted and a
smal | voltage swing woul d appear on the bit-lines. This smal
voltage swing would then be anplified by the differential couple

and later used to drive digital |ogic.
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Figure 2. Differential couple
Anot her version of a voltage sense anplifier which has enjoyed a
wi de usage is the full conplenentary positive feedback

differential sense anplifier. This voltage sense anplifier has a
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very large differential gain and the added ability to
automatically rewite destructively read data[2]. Figure 2 shows
the schematic diagram of the full conplenentary positive

f eedback anplifier.
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Figure 3. Positive Feedback Differential Voltage Sense Amplifier
The positive feedback anplifier has two data nodes Vyouytl and
VinouTl and three control nodes SANgy, SAPgyand PRE. Nodes V),
outl and V|yout2 act as both input and output to the sense

anplifier. Its operation is as follows 1) the data nodes are
equal i zed using PRE 2)the nmenory cell being read is asserted and

a small voltage difference fornms on nodes V,youtl and Vyout2

3) while MN1 and M\2 are biased to be operating in the

saturation region MN6 is turned on by SANgy, 4)as both V|youtl
and V,nout2 are decreasing in voltage so is the difference

bet ween them 5) one of them decreases nuch faster then the other
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and causes MN\(lor2) to enter cutoff while the other starts

operating in triode,6) at this point MP5 is turned on by SAPgy\

which pulls the signals rapidly appart, 7) at this point since

Vinoutl and Viyout2 are directly connected to the bit-lines the

data is automatically witten to the destructively read nenory
cell. Due to its positive feedback this voltage sensing
anplifier achieves a very high differential gain.This high gain
m ni m zes sensing tinme by being able to sense small voltage

swings on the bit-Iline.

However, since the bit-line capacitance is growing along with
nmenory capacity, the bit-line voltage swng is becom ng snaller
and nore power expensive to produce. There also exists a
practical limt to this decreasing voltage swing. Wen the bit-
| ine voltage swi ng reaches the sane magni tude as bit-1line noise
the voltage sense anplifier will becone unusable. Therefore, to
achi eve the pre-set objectives of |arge nenory capacity, high
speed, and | ow power, a new type of sense anplifier is needed.
The next section introduces the current-sensing anplifier which
transcends the limtations of voltage sensing and neets the pre-

set objectives for next generation sense anplifiers.
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Current -Sensing anplifiers

The use of current sensing anplifiers has a nunber of benefits
over voltage sensing anplifiers. The nost inportant ones are
significant reductions in bit-line voltage swi ng and maj or
reductions in sensing delays[3]. These benefits translate to

| ower dynam c power consunption and increased sensing speed. The
key to these inprovenents lies in the |ow input resistance of
the current sensing anplifier. This becones evident when

exam ning the equival ent sensing circuit in Figure 4.
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Fi gure 4 Equival ent sensing circuit

From t he above nodel we can derive the delay transfer function

as.
R
T O
5t (Ry () QQB+?+RL%+R c. B R E
2 EERB-"RT*'RLE BT %B+RT+RLD

where Ry and Gy are the total bit-line resistance and
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capaci tancel 3]

Since vol tage-sense anplifier has close to infinite input

i npedance while the current sense anplifier has a zero input

i npedance the above delay equation sinplifies to the follow ng

two equations (a) voltage and (b) current sensing del ays [2]

R
0
(RrC1) O 2Rp0 (R () aQB-F-é—D
a) ot = L+ ——0 b) ot =
2 O RT 0 2 : Bt RTE

For given paraneters:

Rb=2500Q Ry=258Q  G;=400fF

the vol tage sensing delay equals to 1ns while the current
sensing delay is 0.048ns. This clearly shows the | arge speedup
associated with the switch to current sensing anplifiers. The
above current sensing delay equation also shows that the del ay
can be brought down to zero by reducing Ry. However, this is not
the case and the lower |imt beconmes wave propagation which is
on the order of pico seconds[3].

The next section exam nes an actual current sensing amplifier

desi gn.
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Clanmped Bit-line Current Sensing amplifier

A commonly used current node sensing anplifier is the clanped
bit-line sense anplifier shown in Figure 5. By clanping the

voltage on the bit-line to a stable voltage (Vgg) the signa

current produced by the cell can be transferred to an internal
sense anp node w thout charging/discharging the large bit-Iine
capacitance. As a result both sensing delay and dynam c power

consunption are significantly decreased.

Bit-Tine & nenory
cell equivalent circuit

Bit-line & nmenory
cell equivalent circuit

Figure 5. Canped bit-line Current-sensing Anplifier

This sense anplifier uses three pre-charge and equali zation
transitors(M7/, M8 and MB), two current sensing transistors (M
and Mb) and four back to back inverter configuration transistors

for the vol tage outputstage(M, M, M3, M4). Its operation
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foll ows two stages pre-charge/ equalization, and sensing. The
followwng is the timng schedule 1) transistors M/, M3, MD are
turned on to pre-charge and equal i ze the sensing nodes, 2)
transistors M7 and MB are turned off and the nenory cell
accessed, 3) the current fromthe cell starts being sourced by
one of the transistors ML and M2 and a voltage difference starts
form ng on one of the output nodes, 4) this voltage is further
anplified by the positive feedback anplifier until it reaches

the | atched st at e.

It has been shown that the tinme response of a latch fornmed by
cross-coupled inverters is directly related to the AC snal |
signal gain bandw dth (GBW product of the inverters[3].
Maxi m zi ng GBW product maxi m zes the speed of the sense
anplifier. By exam ning both small signal nodels for the
positive feedback cross-coupl ed voltage sense anplifier and the
cl anped bit-line current sensing anplifier we can derive the

foll owing GMABs: (a) voltage sensing and (b) current sensing GA\B

9 9
a) GBWvs = —1 b) GBWcs = —V

CBL Cd
Since Cy << Cg_ it can be easily seen that the current node

sense anplifier enjoys a much higher speed. Another observation
is that this anplifier is bit-line capacitance insensitive
mai ntai ni ng a constant speed over increased bit-1line

capaci tance[ 3] .
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To recogni ze the power savings associated wth the switch to
current sensing anplifiers we need to exam ne the dynam c power
di ssi pation of the voltage sensing anplifier.In voltage sensing,

the bit-line are discharged and charged by dVg (close to 400mV)
for every read operation. Wien this dVg is conmbined with both

increasingly large bit-1ine capacitance Gz, and read frequency

“fread’ the energy follow ng the bel ow equation becones

| ar ge[ 4] .

2
P=Cpg Dvg Of

read

The current sensing anplifier on the other hand has a very
negligi ble voltage swng, thus nearly elimnating dynam c power
di ssipation. Furthernore, this bit-line voltage inactivity
significantly decreases cross talk between bit-1ines, and supply

vol tage drop associated with bit-line charge up[1].
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Concl usi on

Thi s paper presented the sense anplifier design chall enges

i nposed by the demand for increased capacity, higher speed,

| oner power CMOS nenories. The nbst commonly used voltage
sensing anplifier was analyzed, and its inability to cope with
the future sense anplifier operating conditions exposed. As a
repl acenent a current-sensing anplifier was introduced, and its
ability to overcone problens associated with voltage sensing
exam ned.

The cl anped bit-1ine current sense anplifier shows |arge

i ncrease in speed, and significant decrease in dynam c power

di ssi pati on when conpared to the positive feedback voltage sense
anplifier. In addition, the current sensing anplifier provides a
bit-1ine-capacitance-independent performance which is crucial to
future menory capacity increases. By elimnating voltage changes
on the bit-line the current sense anplifier also elimnates

cross tal k and vol tage supply bounce.

To conclude, the current sensing anplifier outperforns the

vol tage sense anplifier and neets the pre-set objectives for

i ncreased capacity, high speed, |ow power CMOS nenories.
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