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Abstract—A novel design for decreasing energy and delay
during the read cycle of a standard six-transistor differential
SRAM cell is presented in this paper. Removal of the pre-
charge transistors from the bit-lines of the SRAM reduces
energy consumption. This also eliminates the need for a pre-
charge phase which decreases the total delay of a read cycle.
Additional logic to improve the speed of a read and to ensure
that the bit-lines retain a sufficient voltage difference is placed
just before the output on the bit-lines. This is especially
significant in the design of pipelined memories where the delay
per stage is determined by the time it takes to read a value
from a cell as opposed to decoding an address or generating
the output of the SRAM. Circuit simulations in 180-nm CMOS
show a decline in energy consumption by a minimum of 9.2%
and up to 98.6%. Worst case delay is reduced by 27.6%. The
following paper explains the proposed read logic in detail,
describes the techniques used for the analysis, and compares
the results with the standard method for fast, low-power read
accesses.

I.  INTRODUCTION

Static RAM cells are used in a wide variety of
applications. These range from memory arrays to ICs of all
kinds containing embedded SRAMs[1,2,4]. As the demand
for reduced power and delay in components containing
SRAMs increases, adjustments will need to be made to meet
these requirements. There have been many proposed designs
for SRAM cells that increase performance in some way, but
the six-transistor (6T) differential memory cell is still
recognized as being a good balance between size and
performance [3,5,6]. There have also been proposals for
different methods of accessing memory cells that improve on
speed and/or power [3,4,5,7]. One such method, as is
described in [4], focuses on reducing the voltage level on the
bit-lines during read and write operations in order to
minimize power consumption. The problem with this design
is that while it significantly reduces power, it also causes
delay to increase. Another technique which attempts instead
to decrease delay in accessing memory is the idea of memory
pipelining, as is discussed in [7]. Unfortunately, no priority

This material is based upon work supported under a National
Science Foundation Graduate Research Fellowship.

1-4244-0173-9/06/$20.00 ©2006 IEEE.

was placed on reducing power in that design.

The purpose of this paper is to present our novel
technique for decreasing both energy and delay during a read
memory access. This design is particularly well suited for
high performance pipelined memories because of its ability
to increase the speed of a read, which is currently a
determining factor in the length of the pipeline’s cycle time
[7,8]. In the next section, a description of the 6T SRAM
with proposed read logic is given. Timing is also discussed
in depth (its changes are compared with the standard cell).
Section III explains the methods for testing and comparing
the standard and proposed SRAM reading techniques and the
results are presented. The fourth section gives a quantitative
analysis and discussion of the results, followed by some
concluding remarks in Section V.

II.  CRrOSS-COUPLED PULL-UP SCHEME

A. Description

A schematic layout of the conventional 6T differential
memory cell with our novel cross-coupled pull-up circuitry
(CCPC) instead of pre-charge transistors on the bit-lines is
shown in Fig. 1. The input to each n-type pass transistor of
the SRAM cell and INVy is the READ signal. At the p-type
virtual source (Vpp) transistor, Tyy, the inverted READ
signal is received from INVg. (Tyy is called a virtual source
or virtual Vpp transistor because its source is connected to a
power supply while its drain is attached to both of the
sources of Tp; and Tp,. Hence, Tyy effectively becomes a
supplier of Vpp to Tp; and Tp.) The read logic then
crisscrosses. For both Tp; and Tp,, the drain of the transistor
is connected to the bit-line that does not supply its own gate;
Tp; will always have the opposite gate and drain connection
as that of Tp,. The absence of pre-charge transistors on
either of the bit-lines should also be pointed out since in a
standard read operation the pre-charge stage generally
produces a significant amount of energy and delay. This will
be discussed further in Section I'V.
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Figure 1. Memory cell with CCPC and output logic for reading

B. Timing

To best understand how the CCPC operates and what its
benefits are, it is essential to first be familiar with how a
standard read with pre-charge transistors works. As is
described in [1], once the address of the memory to be read
has been decoded, the read operation takes place in two
stages (Fig. 2). The first stage is the pre-charge phase (where
PRE is pulled low). It is during this phase that both bit-lines
are pulled up toward Vpp. The second stage (or the pull-
down stage) is the actual reading phase, where one of the bit-
lines will be pulled down after READ is pulled high. The
line to be pulled down is determined by which inverter of the
memory cell has Logic ‘0’ stored at its input. This performs
adequately in most cases, especially with proper transistor
sizing, sense amplification, memory layout, etc. [1,2];
although, if memory pipelining is desired for high
performance, the two-phase read access will lead to a long
cycle time.
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Figure 2. Simulation of a standard read memory access causing a bit-line
Switch
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Figure 3. Simulation of a CCPC read memory access causing a bit-line
Switch

Time reduction of this critical stage of the memory
pipeline is one of the goals of the CCPC. Since the pre-
charge transistors are not present in the new design, there
exists the potential for a read access to be reduced to the time
it takes the memory cell to pull a bit-line up or down.
However, this does not imply that removing pre-charge from
memory designs is a good way to improve performance on
its own. Something must replace the function of providing
full Vpp to the bit-lines, so the proposed read circuit is
placed on the bit-lines of each column of static RAM cells
and a read access then takes place in this manner (Fig. 3).
First, the READ signal is sent to the n-type pass transistors
and to INVy. This allows the cell’s stored logic values to
begin pulling on the bit-lines while the output of INVy
begins to turn Tyy ON. Once Tyy is fully ON, it will be
supplying the sources of Tp; and Tp, with Vpp.

At this point, one of two things is happening. Either the
bit-lines are switching the values that were attained in the
previous read or write operation (called a Switch), or they
are holding their prior low and high voltages (known as a
Hold). The strengthening of a weaker logic value is included
in the definition of a Hold: only bit-lines changing from low
to high and vice versa will be labeled as Switching bit-lines.
If the current read access is a Hold, then one of the Tp
transistors will be OFF, while the other is ON and is
supplying Vpp to the bit-line that its drain is attached to.
Conversely, if the operation is a Switch, then the Tp
transistor that was previously ON (say that it was Tp;) will
slowly be turned OFF by the rising bit-line while Tp,, whose
gate is connected to the falling bit-line, will begin to turn ON
and supply the bit-line at its drain with Vpp.

The desired effect of adding the CCPC to the SRAM is to
assist the bit-lines in either changing or holding their current
values so that a read can occur faster and with less energy
consumption. The results in the next section demonstrate
how this timing change is an improvement over the previous
method, especially when practicing memory pipelining.



III. EXPERIMENTAL METHODS AND RESULTS

A. Measurement Techniques

Accurate test and measurement of the proposed read
logic is conducted through the following methods. For the
best comparison between the standard and new reading
schemes, two circuits were constructed using the Cadence
Virtuoso Schematic Editor at 180-nm technology. The first
of the two circuits uses the standard reading technique: it
consists of the 6T memory cell, extra-wide p-type transistors
supplying pre-charge to the bit-lines, and sequential inverters
for obtaining the output from the bit-lines each read. The
circuit for testing the novel read logic is identical to the one
shown in Fig. 1: it has the conventional 6T memory cell, the
CCPC, and the sequential output inverters. Also, where the
circuits match in layout, transistor sizes and bit-line
capacitances are given the same values.

Each circuit was constructed to duplicate the conditions
that would occur if this memory cell were part of a 32x32 bit
SRAM, therefore bit-line capacitances include both parasitic
and line capacitances. The READ and PRE signals,
however, were given fixed rise and fall times of 100 ps,
which is approximately the amount of time it would take
each signal to switch assuming each was driven with a strong
inverter. By using these ideal signals when simulating the
read operation, power analysis is simplified down to a single
SRAM cell. If instead, the capacitance and drivers for both
signals were included, the measured energy consumption
would factor in all the power needed to switch an entire row
of memory cells and to pre-charge every column in the
SRAM array.

Controlled simulations of the two reading schemes are
run by initializing each memory cell with a stored value and
then varying the initial voltages on each of the bit-lines. This
allows for ranging conditions of read Holds or Switches to
be tested. Each simulation lasts for one read access, which
includes the pre-charge and pull-down stages for the standard
read (Fig. 2), but only a full READ pulse for the CCPC read
(Fig. 3). The pre-charge stage provides enough time (350 ps)
for a bit-line to achieve 50% of high voltage. By only pre-
charging to 50% of Vpp, energy and delay are significantly
reduced and result in unrealistically favorable data for a
standard read Switch. This ensures that a comparison of
these data with the results from the proposed read will act as
a worse case analysis; any improvements the CCPC read
method reports are the minimum. If the bit-lines are charged
to 90% of Vpp as they should be, percentage improvements
for the CCPC read will increase. The pull-down stage for the
standard read takes 630 ps. That includes READ rise and
fall times and the delay for a bit-line to fall below the
inverter threshold until either Out or NOut reaches 50% of
Vop. In total, a standard read access lasts 0.98 ns.

A full READ pulse consists of the time for READ to rise
and fall and the delay in pulling either bit-line past the output
inverter threshold so that Out or NOut is pulled to at least
50% of its desired value. This takes a maximum of 0.71 ns:
about 560 ps to switch and 150 ps for READ to rise and fall.
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Figure 4. Comparison of standard and CCPC read instantaneous power

As will be explained in Section IV, this is the worst case
delay for the CCPC read.

Energy consumption is measured over one full read
access as well. This is accomplished by recording the
instantaneous current flow and voltage level at the source of
Vpp and then integrating the product over the entire read
cycle. Simulations showing the instantaneous power for both
the standard and CCPC read circuits are shown in Fig. 4.

B. Results

In Tables I and II, the delay in picoseconds (ps) for a
memory read Switch using either the standard or CCPC
method is presented. For the standard read, this delay
includes the time from READ reaching 50% (turning ON the
n-type pass transistors) until Out or NOut attains 50% of its
desired value. Since only one bit-line is pulled down in a
standard read for both a Switch and a Hold, Table I only
shows the delay for one bit-line’s initial value. Table II
shows the delay of the CCPC read Switches for any
combination of bit-line voltages ranging from 0 to 400 mV
and 0.9 to 1.8 V. These ranges were selected due to the
nature of both the standard and CCPC read circuits. In the
time allowed for a bit-line to Switch or Hold, a falling bit-
line will always achieve at least 400 mV and a rising bit-line
will always reach at least 900 mV. The pre-charge stage
does not last long enough in the standard read for both bit-
lines to reach their full voltage, which causes energy and
delay to vary based on the initial bit-line voltages. A table
for CCPC Read Holding Delay is not included because in
that case, the delay is negligible since neither bit-line is
switching its value.

TABLE L. STANDARD READ DELAY (PS)
NBit- Bit-line Initial Voltages (V)
i
gz 0.9 | 1.0 | 1.1 12 | 1.3 | 14 15 | 1.6 | 1.7 | 1.8

0 373 | 390 | 406 | 420 | 433 | 444 | 455 | 464 | 472 | 480




TABLE IL. CCPC READ SWITCHING DELAY (PS)

Bit-line Initial Voltages (V)

09 | 1.0 | 1.1 | 1.2 | 1.3 | 1.4 | 1.5 | 1.6 | 1.7 | 18

0 | 458 | 464 | 470 | 476 | 481 | 487 | 491 | 496 | 523 | 559

0.1 | 440 | 445 | 449 | 454 | 459 | 463 | 467 | 471 | 475 | 508

0.2 | 422 | 427 | 431 | 436 | 440 | 444 | 448 | 451 | 464 | 497

0.3 | 402 | 406 | 411 | 415 | 419 | 423 | 426 | 430 | 457 | 490

NBit-line (V)

0.4 378 | 382 | 386 | 390 | 394 | 398 | 401 | 419 | 452 | 485

TABLE III. STANDARD READ SWITCHING ENERGY (FJ)

Bit-line Initial Voltages (V)

09 | 1.0 | 1.1 | 1.2 | 1.3 | 1.4 | 1.5 | 1.6 | 1.7 | 18

0 | 500 | 483 | 466 | 447 | 428 | 407 | 385 | 363 | 339 | 315

0.1 | 485 | 469 | 452 | 433 | 414 | 393 | 371 | 349 | 325 | 301

0.2 | 475 | 459 | 441 | 423 | 403 | 382 | 361 | 338 | 315 | 290

0.3 | 467 | 451 | 434 | 415 | 396 | 375 | 353 | 331 | 307 | 283

NBit-line (V)

0.4 | 462 | 445 | 428 | 409 | 390 | 369 | 348 | 325 | 302 | 277

TABLE IV. CCPC READ SWITCHING ENERGY (FJ)

Bit-line Initial Voltages (V)

09 | 1.0 | 1.1 | 1.2 | 1.3 | 1.4 | 1.5 | 1.6 | 1.7 | 18

0 | 295|295 | 296 | 296 | 295 | 294 | 292 | 291 | 289 | 286

0.1 272 272|272 271 270 | 269 | 268 | 266 | 264 | 261

0.2 | 253 | 253 | 252 | 252 | 251 | 250 | 248 | 247 | 245 | 242

0.3 | 234 | 234 | 234 | 233 | 232 | 231 | 230 | 228 | 227 | 224

NBit-line (V)

0.4 216 | 216 | 216 | 215 | 214 | 213 | 212 | 211 | 209 | 207

TABLE V. STANDARD READ HOLDING ENERGY (FJ)

Bit-line Initial Voltages (V)

09 | 1.0 | 1.1 | 1.2 | 1.3 | 1.4 | 1.5 | 1.6 | 1.7 | 18

0 | 469 | 452 | 435 | 416 | 396 | 376 | 354 | 331 | 308 | 284

0.1 | 466 | 450 | 432 | 413 | 394 | 373 | 351 | 329 | 305 | 281

0.2 | 463 | 447 | 429 | 411 | 391 | 370 | 349 | 326 | 303 | 279

0.3 | 460 | 444 | 427 | 408 | 388 | 368 | 346 | 323 | 300 | 276

NBit-line (V)

0.4 | 457 | 441 | 423 | 405 | 385 | 364 | 343 | 320 | 297 | 272

TABLE VL CCPC READ HOLDING ENERGY (FJ)

Bit-line Initial Voltages (V)

09 | 1.0 | 1.1 | 1.2 | 1.3 | 1.4 | 1.5 | 1.6 | 1.7 | 1.8

0 80 | 61 | 50 | 43 | 37 | 31 | 25 | 19 | 12

0.1 | 80 | 61 50 | 43 | 37 | 31 | 25 19 | 12

0.2 | 80 | 61 50 | 43 | 37 | 32 | 26 | 19 | 12

0.3 | 80 | 61 50 | 43 | 37 | 32 | 26 | 19 | 12

NBit-line (V)

(O, T BV, T BV, B RV, ) NN

0.4 | 80 | 61 50 | 43 | 37 | 32 | 26 | 20 | 13

The data presented in Tables III-VI are measurements of
the energy consumption in femtojoules (fJ) for the given
range of initial voltages on the bit-lines. Tables III and IV

give the energy for Switching reads and Tables V and VI
show the energy consumed while holding the bit-line values.

IV. ANALYSIS AND DISCUSSION

In the graph of Fig. 5, a surface plot of the data in Table
IT is given. This graph shows that the worst case delay of
nearly 560 ps occurs when one bit-line is at the maximum
voltage of 1.8 V while the other bit-line is at ground. Once
the READ rise and fall times are added to this time, the total
CCPC read access time is 710 ps. For the standard read, the
worst case (480 ps) occurs when the line to be pulled down
starts at full Vpp. After adding the pre-charge phase time
and the READ rise and fall times to this worst case pull-
down delay, the standard read access time is 980 ps. The
improvement in delay for the CCPC read over the standard
read is therefore 27.6%, and this is only a minimum. As the
pre-charge stage is in practice long enough to pull the bit-
lines up to at least 90% of Vpp, delay could potentially be
improved by 44%.

This is especially beneficial in the area of high
performance computing where pipelining of memory
accesses is practiced. Assuming that the read stage of a
memory access is the determining factor for the length of the
pipeline cycle time, this cycle time could be reduced to a
little less than three-fourths of its original length by using the
CCPC read method. Another point to notice from the results
is that as the bit-line voltages approach each other, the delay
decreases significantly for a read. If the bit-lines were
certain to never reach their full voltages, then it would be
safe to reduce the read access and pipeline cycle time even
further resulting in even greater savings. This could possibly
be done by using one of the techniques for equalizing bit-
lines as is discussed in [4].

Energy consumption is the other area in which the
proposed read scheme shows vast improvements. If the
Switching energy for each initial bit-line voltage is compared
between the two reading methods, the smallest ratio occurs
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Figure 5. Surface plot of CCPC read delay (data in Table II)



when one bit-line is at full Vpp while the other is at ground.
In that worse case scenario, the result is a 9.2% reduction in
energy for the CCPC read. For the more likely case, where
one bit-line is at 1.0 V while the other is at 0 V, savings of
38.9% would arise. During a bit-line Hold, even greater
savings can be realized. When one of the bit-lines is already
at 0 V, even if the second line is at 900 mV, 82.9% of the
energy can be saved by using the proposed read method.
And, when the second line is at full Vpp instead of 900 mV,
a 98.6% reduction in energy consumption will result.

In order to best compare the two methods while taking
both bit-line Holds and Switches into account, a state
diagram has been derived for the standard read. Fig. 6 shows
the four states that the bit-line voltages will usually fall
within over a series of reads. If the voltages do not fall
within one of these states, after several cycles they will
eventually find their way among them and remain there as
long as the high capacitances on the bit-lines prevent the bit-
line voltages from changing much in between read accesses.
The two values within each oval represent each bit-line
voltage (= 70 mV) before the standard read takes place. An
arrow labeled Hd signifies a bit-line Hold and the label Sw
represents a Switch. The numbers next to the Sw or Hd for
each arrow give the approximate energy used (+ 15 fJ) for
that operation. The diagram explains how energy
consumption is quite large for both standard read Holds and
Switches, whereas for the CCPC read scheme, every time a
bit-line holds its value, it is expending at least 63.0% less
energy than if it were to switch its values.

One question to address is how this method of reading
would affect the write operation in an SRAM. Since the
CCPC increases the bit-line capacitances by less than 1%
(and even less than that in larger memories), writing speed
will not be adversely affected. As can be seen in Tables I
and II, the delay of the bit-line Switch is actually longer for
the CCPC read than for the pull-down stage of the standard
read. If the bit-line drivers for writing are at least as strong
as the memory cell’s pull-up and pull-down transistors, then
the read stage will be the speed limiting stage of a memory
pipeline, and any improvement to its performance will
continue to improve the pipeline cycle time. Although, as
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Figure 6. Energy used for different initial Bit- and NBit-line voltages
during standard bit-line Switches and Holds

was mentioned in Sections I and IV, each pipeline stage must
be certain to complete within the new cycle time restrictions
for any improvements in reading to be of use.

V. CONCLUDING REMARKS

In this paper we have presented a novel scheme for
reading from the conventional 6T differential memory cell
with decreased delay and energy consumption. Our design
removes the two pre-charge transistors from the bit-lines.
This in turn removes the pre-charge stage of a read that is
needed in most static memory implementations.

The proposed method incorporates cross-coupled p-
transistors to help pull up the bit-line reading a Logic ‘1°.
The scheme has the following features in comparison with
the standard memory read.

e Read delay is reduced by 27.6%. Since our design does
not required bit-line pre-charging, this time is removed
from the reading critical path.

e Energy consumption savings range between 9.2% and
98.6%. These values depend on the voltages left at the bit-
lines by the previous memory access. The maximum
percentage in savings is obtained when the voltages being
read are the same as the present bit-line levels.

A surface graph of the delay distribution for different
initial bit-line voltages is presented (Fig. 5). This helps in
showing some of the robustness of the proposed design for
memory reads and reveals the potential of the scheme to
further improve delay times by carefully controlling the bit-
line swing.
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