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Figure 8.30 Synchronous
up/down counter using
adders and registers
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Figura B.41 A 4:2 (5:3)
COMpressar cireuil
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The two numbers X and ¥ are presented serially. to the circwit {at differ-
ent rates 10 account for multiplier and muhiplicand word-lengths). The: par-
tial product in evaluated for every bil of the multiplicr, and & sevial addition
is performed with the partisl additions already stored in the register, The
AND gate (G2) between the input to the adder and the output of the register
is used to reset the partial sum at the beginning of the multiplication cycle, If
the register is made of N - | stages, then the |-bit shift required for each par-
tial product is obtained automatically. As fur as the speed of operation is con-
cerned, the complete product of M + N bits can be obtained in MN intervals
of the multiplicand clock.
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array cell). In this case the appropriate inputs to the first and second row would
be connected 1o ground, as shown in Fig. 8.36.

The cell design for this multiplier is relauvely straightforward, with the
main attention paid to the adder. An adder with equal carry and sum propa-
gation times is advantageous, because the worst-case multiply time depends

on hoth paths.

Ad = 4 array
multiplier




Using the general approach disgussed previously, it is possible to realize
w serial/parallel multiplier with a very modular structure that cin easily be
modified to obtain a pipelined system. The basic implementation is illus-
trated by Fig. 8.43. In this siwucture, the multiplication is performed by
means of suocessive additions of columns of the shifted partial products
matrix. As left-shifting by one bit in serial systems is obtained by a 1-bit
delay element, the multiplier is successively shifted and gates the appropri-
ate bit of the multipticand. The delsyed, gated instances of the multipticand
miust &l be in the same column of the shifted partial-prodoct matrix. They
are then added 1o form the required product bit for the particular column,

This structre requires M + N clock cycles to produce a product, The
main limitation is thal the maximum frequency is limited by the propagation
through the army. of adders. The stucture of Fig. 8.43 can be pipelined with
the introduction of two delay elemonts in each cell, as shown in Fig, 8.44. 17
rounding or truncation of the product term to the same word length as the

il the st ignifEas puetiahsordist. Al goih addiion, S oot 40




lmyout for a S4-by-54 bit mulkiplier using the compressor shown in Fig. 841
may be found in Goto et ul,'®

8.27.4 Serial Multiplication

Multiplication may be performed serially. The sitplest form of serial nult-
plier, shown in Fig. 842, uses the suceessive'pddition algorithm and is
implemented using o full adder, a logicul AND circuit, a delay element {i.e.,
cither static or dynamic fip-flop), and & senal-to-parallel register,

FIGURE Wallaceadder
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Figure Static RAM cell
circuits

word

(a)

word

|

I : |
—Dbit bit
(b) - :

merged read and‘write data busses may be used. A 1-transistor cell is shown
in Fig. 8.52(c).%? The memory value is again stored on a capacitor. The
capacitor can be implemented as-a transistor as shown in Figs. 8.52(d) and
8.52(e). Sense amplifiers sense the small change in voltage that results when




Figure Dynamic RAM

circuits: (&) 4-transistor; (B).3
transistor; (c) 1 trangistor with
capaciter; {d) 1 transistor with
transistor capacitor; {e) rep-

resentative layout for (d)

the RAM circuit concentrates on pulling the bit lite from high to low, Thus |
one method of reading a RAM cell would be to precharge the bit lines high !
and then enable the word-line decoder. For & given pair of bit lines, one
RAM cell will attempt to pull down either the bit or —bit line depending on
the stored data. The bit-line pull-up circuil may use p-channel iransistors o
precharge each bit line (Fig. 8.53a). In this cxample, the sense amplifier is an
inverter that forms a single-ended sense amplifier. The sense time is roughly

cod-dude Tvech ed ﬁ: Vop & 2t Feadm)
* Tog,.;e-t;? -.;.-. hasr Stered .:-:,ﬂag, 1) p.ol vead-dal
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the time it takes one RAM cell pull-down and access transistor to reach the
inverter threshold, To optimize speed, one might set the inverter threshold
above the Vjp, midpoint, but below an adequate noise margin down from the
Vpp ail, Altematively, one can precharge the bit lines with n-channcl tran-
sistors, which results in the bit lines being precharged 1o an n threshold down
_from Vpp, (Fig. 8.53b). This can dramatically improve the speed of the RAM
cell access. In addition, it reduces power dissipation because the bit lines do
not change by the supplW tage. T REY Gspect of the precharged RAM
r&ad cycle 15 the nming relationship berween the RAM addresses, the pre-
charge pulse, and the enabling of the row decoder. If the word-line agsertion
precedes the end of the precharge cycle, the RAM cells on the active word-
line will see both bit lines pulled high and the RAM cells may flip state. If

Vem,

FIGURE AAM read
optioms: (a) Vpp precharge;
{b} Voo Vi, precharge

bit, brt!
Pu.dma«..l o
VDD, then
larrd ="M
veads daim -




to amplity this bit-line change. Design margins must be valid over all pro-
cess, temperature, and voltage extremes. Figure 8.55 shows the zero bit volt-
age (Vyir(g)) and the pull-down voltage (Voultdown) for various ratios of pull-
up beta to pull-down betas. As the pull-up becomes weaker, the Viircoy volt-
age approaches Vg and the differential voltage between a high and a low on
- the bit lines increases. However, as the pull-down transistors are limited in
size by the desire to keep the RAM cell small, a design trade-off has to be
made between speed and the differential bit voltage, which affects the noise

¢

iy

A —

Figure RAM read oper- ' v '

" atlon model (a) ; (b)




Figure Static RAM-
read waveforms

V (voits)

/ Sense Common

= time

Current mode sensing may also be used.2%:30:31 [n this technique, the
current change in the bit lines is detected using special circuits. The theory is
that by using low-impedance circuits, the RC delay inherent in driving the
bit lines may be decreased.

8.3.1.1.2 Static RAM—write
The objective of the RAM write operation is to apply voltages to the RAM

t

i Sl i o




FIGURE Static RAM-
write circuits: 1a) n-channsl
pass transistors, (b) circuit
modei during write; (c) com-
plementary transmission gate
version
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8.3.1.1.3 Row decoders

The simplest row decoder is an AND gate. Figure 8.59 shows two straight-
forward implementations, The first in Fig. 8.59(a) is a static complementary
NAND gate followed by an inverter. This structure is useful for up to 5-6

inputs or more if speed is not critical. The NAMD transistors are usually
made minimum size to reduce the load on the buffered address lines because
there are 2°7 (N4 + Pj,og)'s 0n each address line. second implemen-
tation, smmmﬁmms NOR gate buffered with

two inverters, The NOR gate transistors can be made minimum size, and the
inyerters can be scaled appropriately to drive the word line. & fan-in
AND gates can also be constructed from smaller NAND and NOR pates, as
shown in Fig. 8.5%(c). Figure 8.50 shows two p-ossii:lp layout styles (in sym-
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bolic form) for the row decoders. One passes the address lines over the
decede gates, while the other uses 3 more standard cell style. Choice would
depend on the size of the decoder in relation to the size of the RAM cell.
Often, speed requirements or size restrict the use of single-level decoding,
such as that shown in Fig. £.59. The alicmative is a redecoding scheme,
which is illustrated in Pig. 8.61(a). Here the (n-k) row 5 lines are split
into a p-bit predecode field and a g-bit direct decode field. The g-bit decode
field requires a gate per word line, so.q is chosen to suit the pitch of the RAM
cell, The p-bi e Tie tes 2F predecode lines (4 in this exam-
ple), each of which is Ted vertically 1o 2 *-row decode gates (8 in this exam-
ple). Figure B.61(b) shows a possible implementation of & predecode
scheme, where the predecode gate is a NAND gate and the word-decode gale
152 NOR gate. An additional input (~c/k) has been included in the NOR gate

FIGURE Row-decoder
circulis: (a) compfementary
AND gate; (b} pseudo-nMODS =
gate; (c) cascaded NAND,
NOR gates
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via pass gates enabled by the column-address lines, The address decoding is
in essence distributed. Decoders for bit and ~bit lines are shown, although
one of these may be amitted for single-ended read operations, The réad (and.
usually of lesser imporiance, write) operations are someswhat delayed by the
series-transinission gates. However, in comparison with gate delays these
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FIGURE “Predecode
circuils: (&) basic approach.
{b) actual implementation:
{c) peeudo-nMOS exampla
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If the delay of the series-pass gaigs was troubiesome, the decoder shown
in-Fig. 8.64 could b used. Here a NAND decoder is employed on a bit-by-
bit basis (o enable complementary transmission gates {single transistors may
be used wheére possible) onto a common pair of data lines. These are then
routed to a sense amplifier and write circuitry.

83115 Sense amplifiers

Many sense amplifiers have been invented to provide faster sensing, smaller
layouts, and lower power-dissipation sensing.™ The simple inverter sense
amplifier provides for low power sensing at the expense of speed. The differ-
ential sense amplifier can consume a-significant amount of DC power
{Fig. 8.54). Alternatively, one can employ clocked sense amplifiers similar
to the SSDL gate shown in Fig. 5.40.

83.LLE RAM liming budget

The critical path in a static RAM read cycle includes the clock to address
delay time, the row address driver time, row decode time, bit-line sense lime,
and the setup time to any data register. The column decode is usually not in

Col DECODER.

FIGURE Tree-slyle
column decoder
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