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ABSTRACT

Parallel execution architecture is one of the efficient ways to increase CPU perfor-
mance. High bandwidth communications between multiple execution units and on-chip
memories is vital to implementing parallel execution architectures on a single chip. Mul-
tiport memory is one of the feasible methods to increase the communication bandwidth.
This report treats the design considerations for multiport memories based on a multiport

memory cell having more than two ports.

The key design issue is to realize a highly stable and high speed memory with a limited
cost (area). Analytic expressions of noise margins for possible multiport memofy cell
configurations are presented as a measure of stability. Analyses have been verified through
SPICE simulations. Optimal design of multiport memory cell has become possible through
these analyses. Active area of multiport memories has also been studied. It has been found
that the pseudo-static single-ended access cell has better performance compared to other

configurations.

It has been revealed that a sensitive and high-speed sense amplifier is needed for the
efficient design of multiport memories. Class-A push-pull current sense amplifier shows

better performance in the case where bitlines are highly capacitive.

These studies show that the pseudo-static single-ended multiport memory cell is appli-

cable to an on-chip multiport memory having more than two ports.
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CHAPTER1 INTRODUCTION

1.1 Background

A very efficient way to increase CPU performance is by exploiting parallelism using
multiple function units. A fast and dense register file, which enables high bandwidth on-
chip communications, is indispensable to implementing parallel-execution CPU architec-
tures on a single chip. High bandwidth communications can be achieved through (1)
employing time multiplexed read and write operations to perform multiple operations within
a single clock cycle, or (2) employing a multiport memory to support concurrent read and/or
write operations. Combining these two methods is a well-known technique in RISC
(Reduced Instruction Set Computer) CPU chips [1]. The referenced example performs
two-port read and single-port write in a time-multiplexed manner by using a dual-port regis-

ter file.

Multiport memories with more than two ports are increasingly important in parallel-
execution CPU architectures, since the time multiplexed approach may face speed con-

straints posed by some difficulties in reducing access time with a given process technology.

A few works to implement a multiport memory on a single chip have been reported.
One example is the parallel image processor using a four-port ( two ports for reading and
other two ports for writing ) register file[2]. A multiport memory will be needed for imple-
menting multi-instruction set computers such as VLIW ( Very Long Instruction Word )
architectures[3]. Another demand is coming from data-flow computer architectures such as
HPSm ( High Performance Substrate micro-architecture) which was proposed and

developed at the Computer Science Division of University of California at Berkeley[4][5].



HPSm needs a special memory which performs 6-READs, 3-WRITEs and 6-
ASSOCIATIVE WRITEs in a single clock cycle[6][7]. A research project to implement
this architecture on a single chip using a smart triple-port register file is under progress.
Other design difficulties for smart memory come from supporting out-of-order execution
and handling of branch prediction and exception. There will be separate reports regarding

these issues.

1.2 Research Objective

The purpose of this report is to clarify the design issues of multiport memory which
have not been touched on by past works. Of special concern is the feasibility of bmultiport
memory with more than two ports. The primary task of this report is:

(1) to give quantitative measures of the performance of the possible multiport

memories for design optimization,

(2) to choose the promising multiport memory cell configuration based on cost com-

parisons, and

(3) to present the promising sense amplifier circuits suitable to the multiport memory

chosen.

1.3 Organization of The Report

A macroscopic view of multiport memory architectures is presented in Chapter 2. In
Chapter 3, stability analyses of multiport memories are presented, and optimal design of
multiport memory is described. In Chapter 4 designs of fast and low-power sense amplifiers

for multiport memories are presented. The conclusions are presented in Chapter 5.



CHAPTER 2 MULTIPORT MEMORY ARCHITECTURES

2.1 Multiple Function Units System

There are two possible memory architectures to support multiple function units (MFU).
Figure 2.1(a) shows an approach using Multiple Single-Port Register Files (MSRF).
Another approach is to use a Multiport Register File (MRF) as shown in Figure 2.1(b). The

latter approach calls for a new multiport memory cell for the core of the memory.

The MSRF approach has the following advantages :
(1) Design of the register file is easy since it can make use of the conventional register
file design.
(2) It operates fast enough because each register file has small area by the use of a
compact cell structure.
On the other hand, it suffers from the following disadvantages:
(1) It consumes large area ( area is proportional to the number of the ports :N ).
(2) Power dissipation is proportional to the number of ports.
(3) It needs special controls to maintain data consistency for writing data back to the

register files.

The MRF approach has the following advantages due to having a single cell array :
(1) It has a potential to reduce both area and power dissipation.
(2) It does not need special attention to data consistency, and with proper safeguards it
is capable of multiport writing.
The disadvantages of MRF are as follows :

(1) It requires a new multiport memory cell and assurance that it has enough operating



margins in all possible operating conditions.

(2) It needs special efforts in layout design style to surmount its irregularity.

(3) Access time increases unless we employ special circuit design techniques, since the

memory core occupies large area and signal lines are highly capacitive.
Multiport register file has a potential for achieving good performance per cost. But the
design complexity problems mentioned above are not well understood. In order to form a
fair judgement we have to know the performance/cost tradeoffs of the MRF quantitatively.

Thus, in this report we focus on the MRF and study its performance and cost quantitatively.

2.2 Multiport Memory

Figure 2.2 shows the basic configuration of an N-port Multiport Register File. A
memory cell consists of a storage element and N switches. N word lines control these
switches to establish electrical connection between a storage element and N bitlines. This
configuration allows concurrent read operations from N registers and concurrent write
operations into N registers ( and even their combinations ). This is a simple and understand-
able configuration, but it has some drawbacks as follows:

(1) Read operation may be slow since a limited cell current must be shared among N

bitlines in the case of N-port reading.

(2) It needs careful design to assure the stability of the storage element because electri-

cal connection between storage element and bitlines is strong in the case of N-port

reading.
If we can surmount these design difficulties, this configuration appears to be the most

promising.



Figure 2.3 shows one of the other possible configurations to improve stability and
speed for multiport reading. The feature of this configuration is to use two sets of N
switches each for reading and writing. The two sets of switches are controlled by two sets
of N word lines ( read word lines and write word lines). The storage element controls N
read switches together with N read word lines for the read operation, and is directly con-
nected to bitlines through one of the write switches for the write operation. This
configuration allows a faster and more stable read operation than the simple configuration
shown in Figure 2.2. The disadvantage of this cell is that it needs large area since the
number of transistors and signal lines increase. The philosophy of this circuit comes from

that of the three transistor DRAM (Dynamic Random Access Memory) cell.

There is another possible configuration that prevents multiport read operation. An
example is shown in Figure 2.4. The storage element in this case is the same one used for
the basic configuration shown in Figure 2.2. The feature of this technique is to inhibit mul-
tiple word line selection by the use of a match detection circuit which sense the occurrence
of match in decoder outputs and generates transfer signals to control the data transfer cir-
cuits located next to the I/O buffers. The data transfer circuits copy back the data to the
ports inhibited. The stability and speed of the storage element can be improved through this
method. On the other hand, it needs complicated control for inhibiting word lines and gen-
erating transfer signals. Furthermore, special attention must be paid to the increase of delay

caused by inserting the above circuits into the critical path.

This report treats the analysis and design of the basic configuration shown in Figure

2.2. The feasibility of the other two configurations has not yet been studied.



CHAPTER 3 DESIGN OF MULTIPORT MEMORY CELL

This chapter discusses, first, possible multiport memory cell configurations. Next in
section 3.2, we derive the static noise margins of the possible cell configurations, which is a
useful measure of cell stability. In section 3.3, the optimized design for each cell
configuration is presented. In section 3.4, the active area for each cell configuration is cal-
culated to evaluate the cost. Finally, we discuss the selection of multiport memory cell

based on the above analysis.

3.1 Possible Multiport Memory Cell Configurations

As far as dual-port memories are concerned, several kinds of cell configurations have
been proposed. These are classified into two configurations. One of these is the differen-
tially accessed cell configuration using two pairs of bitlines for data transmission[8].
Another is the single-ended access cell configuration using two single bitlines for data
transmission[1,9]. Using the analogy of dual-port memories, we address two possible cell

configurations for multiport memories with more than two ports.

Figure 3.1 shows the differentially accessed multiport memory cell. The storage ele-
ment consists of the conventional cross-coupled inverter pair. Two sets of N access transis-
tors control the connection between N bitline pairs and two internal storage nodes. The
major advantage of this cell is high signal/noise ratio since this configuration allows cancel-
lation of the common mode coupling noise on the bitline pairs. Another advantage is high
speed by utilizing a sensitive and high speed differential sense amplifier. On the contrary, it

suffers from a relatively large area due to an increase of the number of signal lines (mainly



bitlines).

Figure 3.2 shows a multiport single-ended access cell. It needs the minimum number
of access transistors and bitlines, and has a potential of a more compact cell structure com-
pared to the other configurations. Furthermore, it is relatively stable compared with the dif-
ferential sense amplifier since one of the inverters is unloaded and can maintain its non-
linearity during read operations. But, at the same time, it makes the write operation
difficult. So, special circuit techniques such as those listed below are essential for the write
operation:

(1) Write operation is carried out in a differential manner by psing both access transis-

tors for the write operation[1].

(2) Boosting a word line for the write operation[10].

The drawback of the first approach is that it can not perform multiport writing. The second
approach suffers from complicated design since it needs a three level driver circuit. Another
possible method is to use a clocked inverter for the storage element to make it operate in a
pseudo-static fashion. Figure 3.2 (b) shows a pseudo-static single-ended cell Qith one-sided
clocking. Because it is more difficult to write "1" than to write "0", this configuration seems
to be reasonable. Figure 3.2 (c) shows a pseudo-static single-ended cell with two-sided

clocking for a safer write operation.

Figure 3.3 (a) shows a modified version of the single-ended cell. One bitline is located
at each side of the cell. This configuration can reduce the electrical connectivity between
bitlines and the internal storage node, so the stability is expected to improve. Figure 3.3 (b)
is a practical version of the modified single-ended cell, which improves the write operation

by the use of a disabling clock. The complexity of this cell arises from the need to select



one of the two disabling clocks, depending on which bitline is selected.

3.2 Stability Analysis

In this section, derivations of static noise margins for the different cell configurations
addressed above are presented. We also present the results of verification through SPICE

simulation.

3.2.1 Static Noise Margin

Detailed analyses of static noise mérgin in SRAM ( Static Random Access Memory )
cells have been reported by E.Seevinck et.al.[11][12][13]. We make use of their definition
of static noise margin and the mathematical expressions. Moreover, the concept of write
noise margin is introduced for the complete analysis of cell operation. At first, we explain
the definition of read and write noise margins in a differentially accessed cell and in a

single-ended access cell.

Figure 3.4 (a) shows a circuit diagram of a differentially accessed cell for the read
operation. For simplicity, we assume that the bitline voltage is clamped at the supply vol-
tage, V44. Voltage sources V,, denotes the static noise sources. These static noise sources
represent the variations of transistor parameters such as transconductance, B, or threshold
voltage, Vr. Figure 3.4 (b) shows the transfer characteristics of the cross-coupled inverter
pair (flip-flop) when V,=0 Assume that the initial state of the flip-flop is V1<V 3 as shown in
the figure. Figure 3.4 (c) shows the transfer characteristics at the onset of being flipped by
increasing the noise voltage, V,,. The amount of noise voltage corresponds to the length of
the side of the maximum possible square. This means that if the noise voltage is smaller

than the length of the side of the square in the Figure 3.4(c) , the state of the flip-flop is
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stable. Here, we define the Read Noise Margin (RNM) as the length of the side of the max-

imum possible square.

The Write Noise Margin (WNM) in a differentially accessed cell can be defined by
analogy. Figure 3.5 (a) shows a circuit diagram for the write operation. Assume that the
initial state of the flip-flop is expressed as V1<V, Figure 3.5 (b) shows the transfer charac-
teristics when V,=0. The write noise margin is defined as the length of the side of the
minimum possible square. This means that if the amount of noise voltage is smaller than

_ the length of the side of the square the state of flip-flop can be flipped.

The static noise margins in a single-ended access cell can be defined in the same
manner. Figure 3.6 (a) shows the definition of Read Noise Margins (RNMs). Note that the
RNM for the "1" read operation is different from that for the "0" read operation. RNMy
denotes read noise margin for reading "1" and RNM, denotes read noise margin for reading
"0", respectively.

Figure 3.6 (b): shows the definition of Write Noise Margins (WNMs) in the single-
ended access cell. V44 is applied to the bitline for writing "1" while V is applied for writ-
ing "0". Note that the nonlinearity of Inverter 2 is not degraded in any operating condition

since it is not loaded.
3.2.2 Derivation of Static Noise Margin

3.2.2.1 Differentially Accessed Cell

Mathematical expressions of static noise margin of SRAM cells are presented by
E.Seevinck et.al.[11]. Based on their analysis, we derive a Read Noise Margin (RNM) for

multiport (N-port) reading and Write Noise Margin (WNM) for single-port writing in a dif-
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ferentially accessed cell.

Figure 3.7 (a) shows a circuit schematic for the N-port read operation. Assume here
that level "0" is stored at the output of Inverter 1 (INV1) and level "1" is stored at the output
of INV2. The two transistors Q1p and Q2a can be ignored since they are either cutting off
or weakly conducting. Q1a represents N access transistors, so its transconductance becomes
NxB,,. For simplicity, we make the following assumptions:

(1) I-V characteristics of each MOSFET can be expressed by the basic MOS model

equations.

(2) Threshold voltage, Vr, and transconductance, P, of each MOSFET is not modu-

lated by drain-source voltage, Vg, or substrate bias, Vgg .

(3) Threshold voltage of an N-channel MOSFET is equal to the absolute value of that

of a P-channel MOSFET.

Read Noise Margin (RNM) for a differentially accessed cell is expressed as,

RNM =Vr k-}-l ”;N d“ T ~ 3.1)
l+m 1+p+[ (1+2k+ )]
where,

_Bua _ _ Bpa
N
g =_T \/ (r+N)V2 -1

r+N (r+N)V,2-NV

Vs =Vau-Vr

Ve =Va— 2r:A1>/ Vr.

Figure 3.7 (b) shows a circuit schematic for the single-port write operation. Here, we

ignore Qlp and Q2n since their contribution to the circuit operation is negligible. The
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detailed derivation is given in APPENDIX 1. Write Noise Margin (WNM) can be expressed

as follows,

N v (ZF = DVaa + Qrp + DV7

WNM = -1 1+r(21'c'+1) -1 (Vaua=Vr) - (k=1)Vp - (3.2)
rp-1 +%

k+1
where, (i) if rp =1:

k= Vaa(Vaqa —2VT)
2(Vgq - 3V7)?

or, (i) if rp # 1:

k=_1P Ve +p=DVaa ____,
=11 (V2 +mp (rp-1)VF1*

Vr =V — Qrp+1)Vr
V, =VVga(Vaa — 4Vr)

3.2.2.2 Single-ended Access Cell

Figure 3.8 shows a circuit schematic for the N-port read operation. Vj, in this figure
denotes the bitline voltage for the read: operation. As was mentioned before, the read noise
margins are different for the "0" and "1" read operations, so the following analysis is carried

out for these two cases. Please see APPENDIX 2 for the detailed derivation.

We ignore the transistor Qlp for the "0" read operation as shown in Figure 3.8 (a).
And it is assumed that the access transistor Qla operates in the linear region, that is

Vbt < Vaa — V7. The read noise margin for the N-port "0" reading can be expressed as,

RNM; = Vp -1 r+N

r Lk 1 kZ .\
1)) 1+7+[7(1+2k+7)]/=

Vaa =2Vt

(3.3)

where,
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r=-g%,q=-gi%

M CN AT 72
PN | N GaNWVZ-NVZ

Ve =V (Vg —=2Vr=Vy)

Ve =V -%V-

In the case of reading "1", it is determined by the value of the bitline voltage, Vj;, and
beta ratio, rp /N, whether Qla operates in the saturation region or not. So, analysis is car-
ried out for these two cases. The bitline voltage to give the boundary between the saturation

and linear region can be expressed as follows,

Vyo=Va - Vr - \/ FVr@Va -5vr) (3.4)

where,

it

If Vy,; is smaller than V5, Qla operates in the linear region. Hence, the read noise margin

can be expressed as follows,
(1) if Vi £ Vo,

(3.5)

1 | rPVaa — Qrp+N)Vr Vad —2Vr
RNMy = V. - l
O 23 m -N + 2. 1+qk + [q @k =2k +1)]"

where, () if rp =N,

Vid (Vag = 2Vp) - V2
2(Vaq — 3Vp)?

Vs =NV 2V =2Vr=Viy)

k=

or,ii)ifrp #N,

oD (rp=N)Vas + NV,

=N | Tep-NNVE+ pV D) + NVAE |
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Ve =V 2V —2Vr—Vi)
V, =V = (ZP+1)Vy
Vp =VV4a(Vag — 4V7)

(2) if Vor > Vo,

_ Vaa=2VT 1 _ 1
RNMp = V1 == 1+ 715 1+ gk + [q (k2 +2k+1)]% (3.6
where,
k=N =22
- rpV,* - NV

Vs =Vag — V7 = Vpy
V,=V4 =2V

The expression of the "0" write noise margin can be given by substituting V;,; =0 into

the equation (3.5) and inverting the sign. Thus, it is expressed as,

_ 1| Vs - @+l Vig - 2Vr
WNML =~V + 5 -1+ Tvgk rq@=mnE| 7

where, (i) if rp =1,

i = Ved(Vaa —2VT)
2(Vaa - 3Vr)?

or, (i) if rp #1

T =T Trp(rp-DWVE+ VA%

V, =Vg4 = Qrp+1)Vr
Vo =VWaa(Vag — 4V7)

1

We also get the expression for the "1" write noise margin as,



Vaa - V.
_ 1 dd = 3 'T Vaa = 2VT
1+ g 1+ r + [7(1+2k+-q—)]

where,

k = r V (r +1)VI‘2 -1
T+l r+)VZ-VZ
Vs =Vaa—Vr
Vr=Vy - %I—VT
3.2.2.3 Modified Single-ended Access Cell

For the write operation, we can make use of the same expression for the single-ended
access cell. But for the read operation, it is difficult to get the analytical expressions. This
is because the voltages of the internal storage nodes come close to the bitline voltage and all
transistors in the cell can not be ignored. So, in this case, we estimate the noise margin from

the transfer characteristics of the cell.

3.2.3 Verification of Analysis

In this section, we briefly describe the results of verification of analysis through SPICE

simulations. We also touch on the the test circuit designed for measuring noise margins.

3.2.3.1 SPICE simulation

In Figure 3.9, the method to verify the analysis through SPICE simulation is shown.

For simulating a read noise margin, the timing sequence shown in Figure 3.9 (a) is
used. That is:

(1) set V, and V5 to the initial value by using NODESET command,

(2) apply V44 to the word line so that the access transistor is on,
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(3) increase V,, step by step until the cell flips,
then, the noise margin is equal to the V,, at the onset of flipping. A write noise margin can

also determined in the same manner as shown in Figure 3.9 (b).

Figure 3.10 shows the noise margins in the differentially accessed cell simulated
through SPICE together with the plots calculated from the analytic expressions presented
above. The conditions for the calculations and simulations are: Vg =5V, Vr =0.85V, and

p =0.44. Good agreement between analyses and SPICE simulations is observed.

Another concern is the secondary effect of transistor parameters such as body. effect on
the noise margins. The effect of bulk threshold parameter, gamma (), on noise margins was
examined as shown in Figure 3.10. The read noise margin increase. by increasing gamma
while the write noise margin decreases. This is because the conductance of the access

transistor decreases due to the body effect for higher gamma’s.

Figure 3.11 shows the noise margins in the single-ended access cell simulated through
SPICE together with the plots calculated from the analytic expressions presented above.
The conditions for the calculations and simulations are: Vg4 =5V, Vr =085V, Vy =25V
,p =0.47. and ¢ =1.08. Also in this case, good agreement between analyses and SPICE
simulations is observed. According to the results of SPICE simulation, gamma does not
affect both the "0" read noise margin (RNM,.) and the "0" write noise margin (WNM_). This
is because the source voltage of the access transistor is around the Vg level. In the case of
reading "1", the noise margin increases for larger gammas. This is because the substrate

bias (Vgs =—2.5 V) modulate the threshold voltage of the access transistors.

The above comparison has proved that the analytic expression can be useful for

estimating the stability in multiport memories. Secondary effects of transistor parameters
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have to be taken into account for a more accurate estimation of the noise margin.

3.2.3.2 Test Circuit for Noise Margin Measurement

We have designed a test circuit to verify the analyses. Figure 3.12 shows the circuit
diagram for measuring read noise margins in the single-ended access cell. The noise vol-
tage set circuit is used to set the noise voltage between an input of an inverter and an output
of another inverter. The noise voltage is dynamically stored in two capacitors to simulate
the floating voltage sources shown in Figure 3.6 (a). The amount of noise voltage can be
controlled by changing the external biases, Vyr and Vyy. Also, stored information ("0" or
"1") can be controlled through the external LOW input. Note that the capacitances should
have large enough values so that the parasitic capacitances at the inverter inputs can be
negligible.

Figure 3.12 (b) shows a timing diagram to measure a noise margin. Initial setting is
done by forcing the state of the flip-flop to one of the two states and storing noise voltages in
the capacitors while maintaining the word line voltage at the Vg level. For examining the
noise margin, apply V4, to the word line(s) and observe the internal state of the flip-flop
through the buffer. If the state of the inverter does not flip, the read noise margin has a
value larger than the noise voltage set by the former initialization. If the state of the inverter
flips, the read noise margin has a value smaller than the noise voltage set by the former ini-

tialization. Thus the maximum noise voltage to prevent the cell from flipping gives the read

noise margin.

This test circuit has been embedded in the RAT (Register Alias Table)[7] test chip and

has been sent for fabrication.
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3.3 Optimal Design of Multiport Memories

This section describes the optimai design of multiport memories based on the noise

margin analyses presented in section 3.2.

3.3.1 Differentially Accessed Cell

Figure 3.13 shows the plot of read noise margins (RNM) and write noise margins
(WNM) calculated from equations (3.1) and (3.2). Plots are shown as a function of a beta
ratio, 7 = B,4/Bng, for different beta ratios, p = Bpa/Bna. We see the following from this
figure:

(1) Read noise mafgin (RNM) is a monotonically increasing function of r, while write

noise margin (WNM) is a monotonically decreasing function.

(2) Read noise margin (RNM) is a monotonically increasing function of p, while write

noise margin (WNM) is a monotonically decreasing function.

These results show that we should carefully choose beta ratios, r and p, for ensuring enough

noise margins.

Figure 3.14 shows a scheme to determine the optimal beta ratio, r,,, for a given p.
The critical operations in an N-port multiport memory are a single-port write (r =7,y ) and
an N-port read (r =r,,, /N). For simplicity, we define the optimal beta ratio r,,, as r which
gives equal value of noise margin for a single-port write and an N-port read. Also we call
this value of noise margin as the maximum noise margin,NM p,,,. It is important to note that
in the actual design we should take care about other effects such as dynamic noise during
read/write operation, sensitivity of noise margins to supply voltage, and sensitivity of noise

margins to process variations for determining optimal beta ratios.
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Figure 3.15 shows the plots of optimal beta ratio (r,,) as a function of the number of
the ports, N. r,, is a monotonically ircreasing function of N. Figure 3.16 shows the plot
of maximum noise margin (NM,,,) as a function of the number of the ports, N. These
results show that the beta of P-channel MOSFET ,B,4 ,does not play an important role in
determining the noise margin, but it should be appropriately large enough to avoid an
increase of ro,. An example of optimal design for triple-port memory is: p =0.5 and

ropt =2.6. It gives the noise margin of about 0.44 V.

3.3.2 Single-ended Access Cell

The optimization of the single-ended cell is rather complicated compared with that of
differentially accessed cell, because we must consider four noise margins at a time and the

variation of bitline voltage for read operation.

Figure 3.17 shows an example of plots for a static single-ended access cell. It is
assumed that the bitline voltage for the read operation is 2.5 V. We clearly see in this figure
that the "1" level writing is very difficult and we cannot ensure enough noise margins for all
operations, as is described in Chapter 3.1. So, we must give up the static approach at this
moment. In this section, we focus on a one-sided clocking version of the pseudo-static
single-ended cell and ignore the "1" write operation. Furthermore, we fix the bitline voltage
for the read operation at 2.5 V since it is practical from the viewpoint of the sense amplifier
design.

The first task is to get the right balance between the "0" and "1" read operations by
minimizing the difference between the "0" and "1" read noise margins. "0" read noise mar-
gin, RNM,, and "1" read noise margin, RNMy, are plotted against beta ratio, ¢ =B, /B,y ,

for different p’s in Figure 3.18. RNM, is an increasing function of ¢ while RNM,; is a
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decreasing one. This means that there is an optimal g (=g,,) to give equal noise margins
for "0" and "1" read operations for each given p. In other words, optimization of the logic

threshold of inverter 2 is needed to get the right balance.

In Figure 3.19, g, is plotted against beta ratio p = B,4/Bng for different r’s. To make

design easy, we approximate the relation between g, and p as a linear function,

Qopt = 1.919 x p0738, (3.9)

In Figure 3.20 the noise margins of the pseudo-static single-ended cell are plotted
against r for optimal beta ratio, q,, . Three curves representing RNMy ,RNM, and WNM,
cross at around the same point. Thus equation (3.9) gives a favorable balance of noise mar-
gins.

Through this relation we can determine the g,,, for given p, and can determine the r,,,
accordingly. In Figure 3.21, r,p, is shown as a function of the number of the ports, N. Note
that the value of 7., is comparatively small compared with that of the differentially
accessed cell. This is because the read operation is more stable than that of the differen-
tially accessed cell due to the strong non-linearity of one of the inverters.

Figure 3.22 shows maximum noise margin, NM,,.,, as a function of the number of the
ports, N. An example of optimal design for triple-port memory is: p =0.5, ¢ =1.15 and

ropr = 1.6. It gives the noise margin of about 0.52 V.

3.3.3 Modified Single-ended Access Cell

The read noise margins for the modified single-ended cell are calculated through the
transfer characteristics of the flip-flop. Figure 3.23 shows an example of the calculated

transfer characteristics of this cell.
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Figure 3.24 shows the read noise margin as a function of r. The analytic expression
for the single-ended access cell is used for the plot of the write noise margin. Please note
that the "1" write operation is also difficult in this cell structure, so the pseudo-static

approach is assumed.

In Figure 3.25, r,p is shown as a function of the number of the ports, N, and Figure

3.22 shows maximum noise margin, NM .., as a function of the number of the ports, N.

3.3.4 Comparison of Noise Margins

Noise margins for optimally designed multiport memories are compared. For the
single-ended cell and the modified single-ended cell only a pseudo-static version with one-

sided clocking is considered for this comparison.

Figure 3.27 shows the noise margins plotted against the number of ports, N, for three
cell configurations optimally designed for p =0.5. The single-ended cell has the largest
noise margin of the three configurations. We can expect a noise margin of 0.5 V for the
triple-port single-ended memory cell. The modified single-ended cell has no advantage over
the single-ended cell due to its low noise margin and its increased number of signal lines.
Hence, we exclude the modified single-ended access cell as a candidate for the multiport

memory. In the following section, we study other aspects such as area and speed.

3.4 Active Area Estimation

Another important design issue to achieve high performance per cost is the cell area
and the speed. It is difficult to specify what design parameters affect the cell area, but it
seems to be dependent on the following:

(1) Total area consumed by the active transistors.
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(2) Number of signal lines.

(3) Regularity of the circuit layout

(4) Process technology ( buried contact, interconnection etc. ).
Among them, (1) and (2) appears to have a major effect on the cell area. As far as the
number of the signal lines is concerned, the pseudo-static single-ended access cell has an
advantage over the differentially accessed cell if the number of ports is greater than two
(N>2). In this section, we focus on the active area for two cell configurations to confirm the

feasibility of the single-ended cell.

It is a well known fact that area and speed are closely related. The smaller the cell
area, the smaller the capacitance of the signal lines as well as that of other parasitics. At the
same time, reducing the transistor size in the cell results in the reduction of the driving capa-
bility. To figure out the relation between area and signal line capacitance is a difficult task,
because it is closely related to the fabrication technology. So, we take only the signal
current into account as the criterion for estimating the area. In other words, we calculate the

area so that we can get the standard signal current.

The important thing to note is that if the memory cell with the minimum size access
transistor provides enough signal current, the single-ended cell has an area smaller than that
of the differential cell. This means that the following analysis is true when the size of the

access transistor is bigger than that of the minimum size.

3.4.1 Scale Up Factor

The amount of signal current is mainly determined by the size of the access transistor.
So, it is important to know the dependence of the size of the access transistor(B,;) on the

number of the ports(N). Accordingly, we define the scale up factor, F;, as a matter of
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convenience. Scale up factor, Fy, is defined as the ratio of B,, (transconductance of the

access transistor) to Bg. Here, By is a constant relating to the standard signal current.

Figure 3.28(a) shows the definition of the scale up factor of the differentially accessed
cell. The transconductance B@ is defined as the transistor parameter which gives the stan-
dard signal current under the bias condition of Vgs =Vpg =5V, and Wy denotes the chan-
nel width of this transistor. The transconductance of the access transistor, B,,, in the dif-
ferentially accessed multiport memory cell becomes larger than By in order to get the same
amount of signal current. This is because the output voltage of the Inverter 1 is larger than
Vs and the Vg of the access transistor becomes less than 5 V. The scale up factor, F; is

expressed as,

Fg = PB"oi = —%‘;—. (3.10)

Figure 3.28(b) shows the scale up factor in the single-ended abcessed cell. In the
single-ended access case, the signal current for the "1" read is smaller than that for the "0"
read if the beta ratio p is smaller than or equal to 1. This is because the Vg for the "1" read
is 2.5 V while the Vg for the "0" read is greater than 2.5 V. Thus, we only treat the "1"
read case. From the viewpoint of the signal current, the single-ended cell has a disadvan-

tage since the Vs of the access transistor is one half of that of the differentially accessed

cell.

At first, we would like to derive the scale up factor for these two cell configurations.

3.4.1.1 Differentially Accessed Cell

In Figure 3.28(a), the signal current i can be expressed as,

is=Ezna—(vdd"vl—VT)2 (3.11)
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. |
=Bty vy -vr - Zp

where V is the output voltage of the inverter 1. By eliminating is, we get,

Vi=(Q1- \/ﬁv)("’dd - V7).

Thus, the signal current becomes,

is = E;_"L ﬁ- (Vaa = V1)2

This signal current should be equal to the standard signal current. So we get,

=B i -vee

>From (3.14) and (3.15) we get the scale up factor as,

F = BM = r +N
s BO r
where,
y = Brd
na

3.4.1.2 Single-ended Access Cell

(3.12)

(3.13)

(3.14)

(3.15)

- (3.16)

In Figure 3.28(b), the access transistor operates in the saturation region under the fol-

lowing condition,

Vo2 Vaa v -\ F V1@V - 5V1)

where,

_Bra  _ Bpa
r=g-.P= -Bﬂ—nd .
Substituting V,; = %“‘— into (3.17) yields,

(Vg —2VT)?

m
2 AV, 2V =5V7)

N

(3.17)

(3.18)
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We calculate the scale up factor for the following two cases.

(1) If the access transistor operates in the saturation region:

5 (Vaa =2Vr)?
%' 4VT(2Vaq = 5VT)

The signal current is expressed as,

>From (3.15) and (3.19) we get the scale up factor as,

_Bra _ (Vs — -Vr)?
Po %‘i Ve

(2) If the access transistor operates in the linear region:

_56_ < (Vaa —2V7)?
4Vr(2Vaq = SVT)

The signal current is expressed as,

v, - Ya
1—

iy = Bra (V1 - S vy - L2
. Vaa =V

iy = Bp Vg~V Vg - vy - YY1,

(3.19)

(3.20)

(3.21)

(3.22)

The scale up factor can be given by eliminating i; from these equations and by solving for

V1 for two cases.

@Ifrp=nN,

Vaa(TVaq — 12V7)
8(Vaa = 2VT) ~

Substituting (3.23) into (3.21) yields,

V1=

i = Bra Vaa Vg —4Vr)(3Vyy —4VT)(5Vyy - 8Vr)
sT 72

64(Vdd —2Vr)?

(3.23)

(3.24)
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Thus, we get,

F.= 64(Vag = Vr)2(Vaa — 2V )
7 VaadVaa —4V1)BVag —4Vr)OVaa - 8VT)"

@ Ifrp =N,

i = Bra [Va—(p + NV, ](Brp =NV = V]
s 4(rp —N Y '

where,

Vo= ‘/(m +N)2(Vgg =2Vr)2+1p(rp =N)V4a(3Vag — 4VT)
Vb = Vdd - 2VT~
Thus, we get,

4(rp = N)2(Vyy — V)2

Fs = W =0p + W, G =NV, =V.T"

3.4.2 Normalized Active Area

We define the normalized active area as,

W,
AN - tol(z;l .

(3.25)

(3.26)

3.27)
(3.28)

(3.29)

(3.30)

where W4 is the summation of the channel width in a cell, and W is the channel width of

the transistor having the transconductance of By. We compare the cell area using this meas-

ure.

3.4.2.1 Differentially Accessed Cell

The normalized area for the differentially accessed cell is expressed as,

Ay =2(N +r +rpm) Fs.

where,

(3.31)
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_Bra  _ Bpa
"= e *? = Bua”
and 1 is the beta ratio of N-channel MOSFET to P-channel MOSFET for the same channel

width and expressed as,

n = Bwos
Brmos
M is 2.5 7 3.0 in the conventional CMOS process. Substituting 7 =r,,, and equation (3.16)
into (3.31) yields,
Ay =2[N +rope(1 +pm] T2tV (3.32)

Topt =

Fs and Ay are plotted as a function of the number of the ports, N, in Figure 3.29 and
Figure 3.30, respectively. Here, 1 =2.5 is assumed. As is shown in the Figure 3.30, the
smaller the beta ratio p the smaller the active area, especially for a large value of N. This
means that the size of the access transistor determines the active area, since the size of the
access transistor decreases by decreasing p as is shown in Figure 3.29. As is mentioned in
section 3.3.1, decreasing p suffers from an increase of r = Bny/Bns. S0, balancing these two
ratios is needed to get a compact and stable cell. For example, the normalized active area of
a triple-port cell is 38 for p =0.5. It is 2.4 times bigger than the conventional single-port

(SRAM) cell.

3.4.2.2 Single-Ended Access Cell

The normalized active area for the pseudo-static single-ended cell with one-side clock-

ing (one-side clocking version) is expressed as,

Ay =[N +rop(4+pmM)] Fs. (3.33)

The normalized active area for the two-sided clocking version becomes,

ANy =[N +4ryp (1 +pM)] Fs. (3.34)
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In these expressions, we ignore the area occupied by Inverter 2, since it drives only the input

of Inverter 1 and can be small.

F and Ay for the one-sided clocking version are plotted as a function of the number of
the ports, N, in Figure 3.31 and Figure 3.32, respectively. Because the Vg of the access
transistor is small (2.5 V), the scale up factor is as much as 7 or more ( 174 for the differen-
tial cell). This shows that the single-ended cell consumes a large active area to get a reason-
able signal current. The active area depends strongly on the beta ratio p. This is because
the size of the P-channel MOSFET determines the amount of signal current. For example,
the normalized active area of a triple-port cell is 81 for p =0.5. It is 1.8 times bigger than

the single-port cell.

F; and Ay for the two-sided clocking version are plotted as a function of the number
of the ports, N, in Figure 3.33 and Figure 3.34, respectively. The criterion of the noise mar-
gin (NM,,,) is 0.8 V in these calculations. In this condition, the beta ratio Topt increases pro-
portionally with the number of the ports, N. The result is that the scale up factor is constant
for different Ns. By the same reason, the normalized active area is proportional to the

number of the ports.

Thus far, to maintain a constant signal current and to ensure a certain amount of noise
margin, we must increase the active area proportionally with the number of the ports. To
avoid a significant increase of the area, a special circuit or an improved array structure to
sense the small signal current is needed. In the next section, we present a technique using a

dummy cell and discuss its effectiveness.

3.4.2.3 The Impact of Dummy Cell on Active Area
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The problem of the single-ended cell is in resolving the difference between the signal

currents when reading "0" and "1". It can be compensated by using a dummy cell.

The memory array configuration for using a dummy cell is shown in Figure 3.35(a).
The memory array is divided into two halves and the sense amplifiers are located between
these two half arrays. Each bitline has a dummy cell. When the memory cells in the left

hand side are selected, the dummy cells at the right hand side are selected, and vice versa.

Figure 3.35(a) shows the circuit scheme of a dummy cell. The idea is to drive the
dummy bitline by the intermediate value of the two signal currents ("0" and "1" read). By
this means, equal signal voltage differences for "0" and "1" read operation are expected as
shown in Figure 3.35(b). The drawbacks of this means are:

(1) It adds a certain amount of delay in the case of the "0" read. This is because the

voltage of the dummy bitline drops before the sense amplifiers are triggered. So, it

takes some time to reach the logic threshold of the next stage.

(2) Peak current increases because of an increased amplitude of the dummy bitline in

the case of the "0" read operation.

(3) It increases the area.

(4) Additional logic control is needed to select one of the dummy cells.

The required scale up factor in this case is expressed as follows:

(1) If the access transistor operates in the saturation region:

o Vaa —2Vr)?
N =~ 4Vr(2Vyy — 5V7)

2(Vag — V)2

F, = (3.35)

[y (3 Vaa =2V + (B~ v
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(2) If the access transistor operates in the linear region:

’56'< (Vaa = 2Vr)?
4Vr V4 - 5VT)

(a)if rp =N, then

Fe = Aoy ~ Vo) ¢3.36)
s [—~ Vdd (3 Vi —2Vy)+ ViaVaa = 3V1)BVaa — V1)V aa —8Vi‘)’]"
r+N 2 ‘2’ T T
(a) if rp =N, then
= Z(Vdd - VT)2
" (L e 3y - 2vp) + Va0 FNIV6 0D ~ NV = Va] ]<3-37)
r+N 2 ‘24 T prp

F and Ay for the one-sided clocking version with a dummy cell are plotted as a func-
tion of the number of the ports, N, in Figure 3.36 and Figure 3.37, respectively. By employ-
ing a dummy cell, Ay becomes insensitive to the beta ratio p. This is because the signal
voltage is determined not only by the size of the P-channel MOSFET. For example, the nor-
malized active area of a triple-port cell is 52 for p =0.5. It is 64 % of the area without a

dummy cell.

F; and Ay for the two-sided clocking version with a dummy cell are plotted as a func-
tion of the number of the ports, N, in Figure 3.38 and Figure 3.39, respectively. The scaling
factor decreases to around three to five. The normalized active area of a triple-port cell is 52

for p =0.5, and is about 54 % of that without using a dummy cell.

3.4.3 Discussion

A comparison of the normalized active area is shown in Figure 3.40. The normalized

active area of the single-ended cell with one-sided clocking is about two times as big as that
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of the differentially accessed cell when N =3. The two-sided clocking version consumes
twice the area of the one-sided clocking version. So, the single-ended cell seems infeasible

without special circuit techniques.

Figur‘e 3.41 shows some ideas to solve this problem. The first one is to employ a split-
bitline configuration as shown in Figure 3.41(b). In this configuration, the bitline capaci-
tance ( Cpz 2 ) is expected to be one half of the total bitline capacitance ( Cpz 1 ). In this
case, the signal current to get the same signal voltage can be a half of the standard one. In
Figure 3.42, the normalized area for split-bitline based single-ended cells are compared with
that of the differentially accessed cell. As shown in this figure, the normalized area for the
one-sided clocking version of the single-ended cell is comparable to that for the differen-

tially accessed cell.

The second one is to employ a dummy cell in addition to the split-bitline architecture
as shown in Figure 3.41(c). In Figure 3.43, the normalized area for a dummy cell and split-
bitline based single-ended cells are compared with that of the differentially accessed cell. In
this case, the normalized area of the two-sided clocking version of the single-ended cell is

comparable to that of the differentially accessed cell.

3.5 Choice of Multiport Memory Cell

As far as the noise margins are concerned, the pseudo-static single-ended cell is supe-

rior to other configurations.

>From the viewpoint of the active area, split-bitline based single-ended cell and the

differentially accessed cell seem feasible.
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The single-ended cell has the advantage of a smaller number of the signal lines over

other configurations if the number of the ports is greater than three.

Based on these considerations, the pseudo-static single-ended access cell ( one- or

two-sided clocking ) seems to be promising for the multiport memory cell.

Note that this selection must be accompanied with a sensitive and high speed sensing
scheme. The split bitline scheme or a dummy cell is an effective approach by improving a
memory array configuration.

To make this choice robust, the study of the sense amplifier is indispensable. There-
fore, in the next chapter, the sense amplifier circuit fit for the single-ended cell is investi-

gated.
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CHAPTER 4 SENSE AMPLIFIER DESIGN

As was mentioned in the previous chapter, one of the keys to achieving a compact mul-
tiport memory cell is a sensing circu.it that can sense the signal current provided by the
minimum size memory cell. This chapter discusses, first, possible sense amplifier
configurations for the single-ended multiport memory cell. Next, we analyze speed, power
and peak current in these sense amplifiers. Finally, we compare the performance of the

sense amplifiers.

4.1 Possible Sense Circuit Configurations

There are two possible configurations for the sensing circuit as shown below:

(1) Voltage sensing method.

(2) Current sensing method.
The first one is to amplify the small input voltage (0.2 7 0.5 V') to the large output voltage (
=5 V), and is conventionally used for the sensing circuit of DRAMs and SRAMs. The
second one is used for the sensing circuit of EPROMs ( Erasable Programmable Read Only
Memories ) or EEPROMs ( Electrically Erasable Programmable Read Only Memories ).
The difference is that the first one has a relatively large input impedance while the second
one has a small one. Consequently, the voltage swing in the current sense amplifiers is
smaller than that of the voltage sense amplifiers. Next, we show some examples for the

single-ended memory cell.

4.1.1 Voltage Sense Amplifiers
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One possible way of the voltage sensing scheme is to combine the split-bitline array
configuration (Figure 3.41) and a dynamic cross-coupled sense amplifier ( SA ) which is
conventionally used for DRAMs ( or it is called an open-bitline structure). Figure 4.1 shows
an example of the sensing circuit. The advantages of this scheme are:

(1) Sensing speed is relatively high due to a decreased bitline capacitance.
(2) It is easy to get Zgi ( the only thing to do is to short bitline pairs).

On the other hand, it has the following disadvantages:
(1) Timing control ( from the rising edge of the word-line to the edge of the SA trigger-
A ing pulse ) is critical.
(2) Dynamic power is relatively large since every bitline is driven to V4 or Vi level

for every read operation.

4.1.2 Current Sense Amplifiers

Figure 4.2 shows the transresistance sense amplifier[14], an example of the current
sense amplifier. The current sense amplifier is basically an I-V ( current to voltage ) con-
verter. The transresistance sense amplifier consists of an inverter ( amplifier ) and a feed-
back resistor. By this configuration, we can get the output voltage which is proportional to
the input current. In this sensing circuit, the voltage swing of the input node is suppressed
to a low level. So it has the following advantages:

(1) Sensing speed is high especially for heavy input capacitance.

(2) Dynamic power is dec_reased due to a reduced voltage swing.

On the other hand, it has the following disadvantages:
(1) It consumes DC power since it needs DC bias current.

(2) Precharging a bitline takes much time after a write operation ( write recovery ),
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unless there is a special circuit.
(3) The peak current for precharging is high.
In figure 4.2(b), we use a reset transistor and a reset pulse to shunt the feedback resistor for

improving the write recovery characteristic.

4.2 Analysis and Design of Sense Amplifiers

In this section, the performances of three kinds of sense amplifiers ( one voltage SA

and two current SA ) are analyzed.

The first task is to set a target for the design of a sense amplifier. Figure 4.3 shows the
calculated signal current for the triple-port cell with minimum size access transistors. The
calculation is based on the transistor parameters for a 1.6um CMOS process provided
through the MOSIS service. Other transistor sizes are determined based on the optimal
design presented in Chapter 3. The result shows that we can expect as small as 40pA per
port in the case of the triple-port read operation. So, we choose SOLA per port as the target

of the signal current for the following analyses.

We assume that the logic threshold voltage of the next stage to be 2.5 V. Then, V;,
and Vyy becomes 2.125 V and 2.875 V, respectively[15]. So, we assume that 2.5+0.5 V is
needed for the sense amplifier output to drive the next stage correctly. This is used for cal-

culating the sensing delay time.

4.2.1 Cross-coupled Dynamic Sense Amplifier

Figure 4.4 shows the circuit diagram for analysis. For simplicity, the following are

assumed:

(1) The voltage difference between BL and the precharge level (Xgi) is same as the
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difference between BL and the precharge level.

(2) Transconductances ( ) of all MOSFETs are equal.

(3) Both cross-coupled MOSFETs operate in the saturation region. This means that the
voltage difference i:etween BL and BL is less than the threshold voltage (VT). (Itis
enough to estimate a transmission delay.)

At first, we perform DC analysis. The currents for three N-channel MOSFETs in Fig-

ure 4.3 are expressed as,

=8 x oy —vpy @.1)
in=8 Frx -y -vpp 4.2)
in=By Vas - % - Vr). 4.3)

>From these equations we get,

v, Y2v,2-24x2

y=—f » @.4)

Vp =2Vy —-3Vr
Vg =5V = 12Vy Vr + 6Vr2
Substituting (4.4) into (4.3) yields,

. Vav,2-24x2|| V2v,2-24x2
l,,=-g[%-vdd—VT— g 5 q6 +§-Vdd—v'r . (4.5)

We get the amount of the peak current by substituting x =0 into (4.5),

bpoak = -g.[%vdd —Vp - 1'6-2-1/,,] [%v,, + 3V - VT] . (4.6)

If we assume V44 =5V and V; = 1V ,(4.6) becomes,

ipeak = 1.33 x B. 4.7)
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Next, we calculate the delay time. We define two delay times,t4; and T2, as follows.
T4 is the time needed for establishing & voltage difference of 200 mV between BL and BL ,
and 147 is the time from triggering the sense amplifiers to getting 1 V difference between

BL and BL. T41 is expressed as,

Cbl

=02 X — 4.8)

We get 1,4, by solving the following differential equation,

iov =N
T"_Z'_

= .C%-(vdd —2Vr -2y)x. 4.9)
The variation of x by changing y from 0 to 0.5 is small ( 0.34770.390 ), so we can approxi-

mate that y is constant. Then, (4.9) becomes,

& - -CET(V‘,,, - 2Vr -2y x. (4.10)

where,

y0=—‘-/3f’——%—2-vq.

By solving (4.10), we get,

B(Vas = 2V7 - 2)’0)} @1l

X =Xg exp[ o

where, xg is the initial value of x. By substituting x =0.5 and x¢ =0.1 into (4.11), we get

the expression of the delay time as,

_ Cui
Ta2=In(5) BVaa =2V =2y0) : (4.12)

If we assume V4 =5V and Vr =1V ,(4.12) becomes,

T4y = 0.698 x %‘_ | @.13)
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>From (4.8) and (4.13), the total sensing delay is expressed as,

Td =Td1+ Td2

=02 , 0.698 4.14
[ i, +—B_] Cbl- . ( )

Figure 4.5 shows calculated delays and peak currents as functions of the transconductance
of the transistors. Here, we assume that the number of the bitlines is 100 ( assuming triple-
port and 32-bit data ). The circles in the figure are the delay times simulated with SPICE.
Good agreement between the analysis and SPICE simulation is observed. This figure shows

that the delay time improvement can not be expected and we suffer from high peak current

by increasing transconductance over 1 x 1034 /V2,

4.2.2 Transresistance Sense Amplifier

Figure 4.6 shows the circuit schematic of the transresistance sense amplifier used for
the analysis. For simplicity, it is assumed that the transconductances of N-channel and P-

channel MOSFETS are equal and both MOSFETs operate in the saturation region.

At first, we perform DC analysis. Current equations for MOSFETs are,

in=8 (L x_vpy (4.15)
=3 (—‘32‘1 —x - Vp)2 (4.16)

Thus, signal current is expressed as,

is =i — i
=B (Vag —2Vr)x. 4.17)

We get the input voltage change as,

x = ks . (4.18)
B WVaa —2V7)

The output voltage change is expressed as,
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= - 1 ;
y= [Rp = T):] is. 4.19)

Then, the required value for the feedback resistor is,

Rp = 2L+ 1 . (4.20)
Is B (Vi - 2Vr)

If we assume that i; = SOpA and y =1V, (4.20) becomes,

Rp =2x10% + 1 . @.21)

B (Vaa = 2V7)
The DC current for x =0 is given by,
V
lie = B (H4 —vpy2. 4.22)

Next, we perform a transient analysis. In the following analysis, we ignore the output

capacitance for simplicity. Then we get a differential equation,

& v Px=0Q. (4.23)
where,

p = BVa —2Vr)

bl
=2
Cor
By solving (4.23), we get,
_ is B(Vaa —2Vr)
* = BVaa - 2VD) [l—exP[Tt”' @29

If we assume that the output voltage change at the steady state is 1 V, the delay time is

expressed as,

T=In(2) —B—(VMC_TZVF (4.25)

We define the precharge time, T, , as the time needed to drive the input within 5 % of

the steady state voltage. Assuming that the transconductance of the reset transistor is large



40

enough compared with that of the inverter transistor, we get the precharging time as,

Cu 2Vr
ad —=2VT) | Vaa = V7T

Tp = +In

‘2‘6“] : (4.26)

Figure 4.7 shows delay time, T, precharging time , T,, and DC current, Ipc, as a func-
tion of the transconductance. This figure shows that the precharging time is about four
times as much as the delay time. Thus, a special circuit is needed for the fast recovery after
a write operation. The delay time is also simulated with SPICE, and the results are shown
as circles in the figure. The reason why the analysis shows the smaller delay time is that we
ignore the output capacitance for the analysis. The SPICE simulation results are shown in
Figures 4.8 and 4.9, for different input (bitline) capacitances. These figures clearly show
that the peak current during read operations can be suppressed by the reduction of the input-
voltage swing. Figure 4.8 also shows that the disadvantage of this amplifier is that it takes

too much time for precharging an input.

4.2.3 Class-A Push-Pull Current Sense Amplifier

A problem of the transresistance sense amplifier is the slow recovery from a write
operation. One possible way to solve this problem is to use an amplifier capable of driving
high input capacitance. We present here an example of a current sense amplifier using a

push-pull driver,

Figure 4.10(a) shows the schematic of the class-A push-pull current sense amplifier.
The bias voltage Vpy and Vpp are applied to the gates of the push-pull driver so that the
driver is in the class-A operation mode for the standard signal current (50). At the same
time, the input current is mirrored to the output. Since the output capacitance is small

enough compared with that of the input, a high slew rate is expected at the output even for a
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small input current. RESET pulse is used for setting the output voltage at the logic thres-

hold voltage of the next stage.

We analyze this circuit using a circuit shown in Figure 4.10(b). For simplicity, we

assume that the upper half and the lower half of the circuits operate symmetrically, and that

all transistors operate in the saturation region.

At first, we perform a DC analysis. The bias current is expressed as,

Ig = —le— V32.

in and i, are expressed as,

I =Bl Wy +x

I, = P% (Vg —x)2.

Then, the signal current is expressed by using x as,

Is = ZBIVBX-

Thus the input voltage swing is expressed as,
e ds s
201V T 202Bip 1%

The gate-source voltage of transistor Q5 is expressed as,

/B 2

So, the condition that Q ; operates in the saturation region is,

|%
Vgs2 < Tdd_ - VB .
Substituting (4.32) yields,

1 iy +4lp
B2 >
8/ Vv 21

2 N VB

4.27)

(4.28)

(4.29)

(4.30)

4.31)

(4.32)

4.33)



42

Next, we perform a transient analysis. The differential equation is,

cb,%’;_ + 2B\ Vpx =i;. (4.34)

Solving this equation yields,

1 —exp[— —2%—‘@; t” . @4.35)

bl

x= ks
2B,V
If we neglect the parasitic capacitances, the output current is expressed as,

ioul = %(ln - ip)

= -E%is [1 —exp[— —2-%1:—8 t” . (4.36)

The output voltage is expressed as,

dy _ low
= @4.37)
>From (4.36) and (4.37), we get,
B |, _ |- (4.38)
y= -B—z—t; ay EXpP A . .
where,
_ Cu
ty = Vi

A parabolic approximation of exponential function yields,

~ 1B is 2
Yy = -Z-'B;tro—? ' (439)

The delay time is expressed as,

B2 Co
T= —_lg.
B3 &g @
This result suggests that the delay time is insensitive to the input capacitance, since it

is proportional to the square root of the input capacitance. It is in contrast to the results of

the previous sense amplifiers where the delay time is proportional to the input capacitance.
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Figures 4.11 and 4.12 show the SPICE simulation results for two different input capaci-

tances. The delay time does not increase much by doubling the input capacitance.

>From these results, this configuration allows high-speed sensing in the case that the
input is highly capacitive. The only drawback of this sense amplifier is that it consumes a
large area, since the transistor size should be large enough to operate in the saturation

region.

4.3 Discussion

In this section, performances of the sense amplifiers are compared and discussed based
on the previous results. Figure 4.13 shows the delay time calculated as a function of input
capacitance. Transistor sizes are determined so that the the DC current becomes 10 mA for
the current sense amplifier and the peak current becomes 100 mA for the dynamic cross-
coupled sense amplifier. Note that a split bitline array configuration is assumed for the
dynamic cross-coupled sense amplifier, so the capacitance used for the calculation is one
half of that of the current sense amplifier. The delay time of the transresistance sense
amplifier is almost equal to that of the dynamic cross-coupled sense amplifier. The class-A
push-pull current sense amplifier shows better performance over the other two amplifiers

when the input capacitance is larger than 2 pF (total BL capacitance).

Figure 4.14 shows the power dissipation calculated as a function of the input capaci-
tance. The following are assumed for the calculation:

(1) cycle time = 100 ns,

(2) performs 2-READs and 2-WRITEs in a cycle, and

(3) has 100 bitlines ( = 3 x 32-bir).
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We neglect the DC current of the dynamic cross-coupled sense amplifier during the sensing
operation, and other dynamic power consumptions due to parasitics. This figure shows that
if the DC bias current is less than 10 mA (total) and the input capacitance is larger than 1
pF, dynamic power dominates the total power dissipation.

Table 4.1 summarizes the design tradeoffs for three sense amplifiers. From these
results, it seems feasible to sense the signal current of S0pA. For detailed discussions,

further studies to estimate the areas and parasitics are needed.
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CHAPTER S CONCLUSION

The feasibility of the multiport memory with more than two ports has been studied

analytically. We conclude the following:

1)

)

3

C)

The analytic expressions of the static noise margins of the possible multiport memory
cells are derived. Optimal design of multiport memories becomes possible through

this analysis.

It is found that the one-side clocked pseudo-static single-ended cell is more stable than
the static differentially accessed cell. Noise margin is expected to be as much as 0.5 V
for a triple-port single-ended cell. For more stable triple-port memories or multiport
memories with more than three ports, the two-side clocked single-ended access cell is

feasible.

The active area for the optimally designed multiport memory cell is estimated. The
single-ended cell has an active area that is as small as that of the differentially accessed
cell, by employing a split-bitline array configuration , a dummy cell, or using a high

sensitive sense amplifier.

Three possible sense amplifiers which are capable of sensing the signal current pro-
vided by the minimum size single-ended cell are presented. It is revealed that the
class-A push-pull current sense amplifier has better performance for high bitline capa-
citances ( >2 pF ). DC power dissipation of the current sense amplifier is not a dom-
inant factor if the circuit is properly designed. A special circuit technique is needed for

fast recovery after a write operation.
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Through these results, it is concluded that the triple-port memory is feasible through the use

of the pseudo-static single-ended cell.

Several topics which future research may address are:
(1) efficient layout design style for multiport memories;
(2) study of the effect of process variation on the stability of the multiport memory;
(3) study of the effect of the internal and external noise on the stability of the multiport
memory; |
(4) other possible memory cell configurations to improve operating margins as

presented in Chapter 2.2.
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APPENDIX 1 DERIVATION OF STATIC NOISE MARGIN OF

DIFFERENTIALLY ACCESSED CELL

The detailed analysis of the read noise margin of the differentially accessed cell
(SRAM) was performed by E. Seevinck et.al.[11]. Here, we derive the write noise margin

of the differentially accessed cell.

In Figure Al.1, equating currents of the MOSFET: for each inverter yields,

B Vg —x =V = VP = Bualx +vN)[ y +Vy = Vr = "—‘521”—] (AL1)

Bpa(Vaa =y)| Vaa —x — V1 - Ya =5 =Bpay| Vaa — V1 — 5| (Al2)
a2

By using Vs = Vg — = Bna = Bed (Al : i
yusing Vg =Vyy — Vg, r B and p -B%, (Al.1) and (A1.2) can be rewritten as,

(Ve =V =xP=r(x +Vy)Qy —x +Vy —2V7) (A1.3)
rp(Vag =y)Vs —=Vr —2x +y)=y(Q2V; - y). (Al4)

(Al.4) is rewritten as,

(rp = )y2+2[Vy —rp(Vr + )]y —rpVaa (Vs = V7 = 2x) =0. (AL5)

We approximate (A1.5) as a linear function atx = Vras,

y =—kx + V,, (Al1.6)

for following two cases.

(1) if rp =1, then y becomes,

Vaa(Vaa —2V7)

Y =Va ~ 5 ==z (AL7)

Thus, we get,
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__|a _ Vaa(Vaa —2VT) Al.8
k= [%t] x=Vr - 2(Vgq = 3VT)2 ’ (A1.8)
Vo= —-k)Vyq +4kVT. (A1.9)

(2)if rp # 1, then y becomes,

y==Lr| Ve +m Ve 400+ Ve —rp (Vr + 0P+ 10 (0 ~ DVaa Vs - V7 — @010

thus, we get,

V. +(rp-1)Vpp
__m r _ Al.11
k rp—1 [ VA +rp(rp-1)VA"% ! . ( )
Vi -V
Vo=kVr + —L (A1.12)
m-1+4

where,

V, =Vpp = Qrp+DVr
V, =\Vpp (Vpp ~4Vr).

Substituting (A1.6) into (A1.3) yields,

[1+rQk+1)]X2-2(Vs +rA)X +V2=0 (Al1.13)

where,

X =x+Vy _
A=Vo+k+1)Vy -Vr.

By using the condition of coinciding roots, we get,

Vs +rA =V ‘11+r(2k+l). (Al.14) -
Substituting A into (A1.14) yields,

V1 +r (2% +l)—1Vs.

k+1)Vy==Vo+Vyr+ -

Thus, the write noise margin is expressed as,
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WNM =Vy

(X - Vpp +Qrp + 1)V

rp—1+—'E

1 ‘11+r(2k+1) -
r

= 1 (A1.15)

L (Vpp-Vr) - (k=1)Vr —
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APPENDIX 2 DERIVATION OF STATIC NOISE MARGIN OF

SINGLE-ENDED ACCESS CELL

We can use the same expressions of the read noise margins for the write noise margins
by substituting, Vy; =0 for "0" write, and Vy; = Vyy for "1" write. Thus, we derive here the

two read noise margins.

A2.1 "0" Read Noise Margin ( RNM, )

In Figure A2.1, only Q,, operates in the saturation region. By equating currents of the

MOSEFET:s for each inverter, we get,

Vo —
Vot =y) | Vaa = V1 -y—lz—-y-] =x [x —QVT—{-] (A2.1)
O +VN =Vr)2=p (Vag = VN =x) (Vaa =V = 2V1 =2y +x) (A2.2)

where,r = -E—% and p = -g;LZ-. We approximate (A2.1) as a linear function at

x =Vy —Vras,

y=—kx +Vy

(A2.1) can be rewritten as,

(r+N)Y2=2[N Vg =(r+N)Vr +rN x]y +N V,2=0 (A2.3)
where,

Vs =VVp 2V =2V =Viy).
Solving (A2.3) yields,

_ N Vg =(r+N) Vg +rN x =NIN Vag = (r+N) Vi + N 22— (r +N)

V.2
(A 4
y TN A2:4)
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Thus, we get,

__|d
k= [% x=Vu-Vr

, (r-+N)V2
- _ A2.
r+N V GF+NWZ-NVZ 1 (A2.5)
and,
Vo=k (Vgg —Vp)+ —LEN _yo (A2.6)
r+N+x
where,

V, =V - 2L vy

The read noise margin can be given by substituting y =— kx + V into (A2.2) as,

L | Ve - 2R v Vi - 2Vr
RNM; =Vr Z -

r k1 k2 |
I+ TGNy 1+ 7 + [7(l+2k+7)]

(A2.7)
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A2.2 "1" Read Noise Margin (RNMy )

At first, we calculate the bitline voltage , Vg , which gives the bound whether Q 1,
operates in the saturation region or in the linear region. Lety =V — Vr forx = Vr for the

inverter 1. It gives,

N .

—%—""— (Vaa = Voo = V1) =BpaVr [Vdd - %VT] : (A2.8)
Thus we get,

Vo=V - Vr - \/ %VT V4 - 5Vr). (A2.9)

We analyze the read noise margin for following two cases.

(1)if Vet S Vpo
In this case, Q 1, operates in the linear region. By equating currents of the MOSFETsS for

each inverter, we get,

(y -Vu) [Vdd ‘VT ‘Vbl _}%ﬁ] =-’ﬁ- Vaa —y) [Vdd -x=-Vr -Mz——y (A2.10)

x =V .
(x-VN)[)"'VN—VT‘ N] =%(Vdd+VN’VT -¥) (A2.11)
We approximate (A2.10) as a linear function at x = Vras, y =—kx + V. (A2.10) can be

rewritten as,

(rp'—N)y2+2[N Vaga —(rp+N)Vr —rpNx]y =N V24 rpVu (Vg -2V = 2x) =@2.12)

where,

Vs =NV (Vg =2V Vi)
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@) Ifrp =N, then

_ Vs2=V4q(Vaq = 2Vr)
Y =Va ¥ gy oV =x)

Thus, we get,

r=—|2 _ Vaa(Vag = 2V7) - V2
Ix=vs 2(Vgq —3V1)*
and,

Vo= -k)Vyq +4kVT.

(b)Ifrp #N, then,

_ B+ VB2 + (rp = N)INV, 2 + rpVag (Vag — 2Vr — 2x)]

rp +N
where,
B =NV — (rp+N)Vr —rpx.
Thus we get,
—_| 4
k [ t] *= VT
__m (rp=N)Vg4q + NV,
p=N| [(rp-N)NVE+rpV7) +N 2y~
and,
Vo=kVr + —xo — _L;‘-Vdd _
0=KVT
Bl
where,

Ve =Vaa - (ZP+1)Vy

Vp = \/Vdd (Vdd - 4V[‘ )

-1

(A2.13)

(A2.14)

(A2.15)

(A2.16)

(A2.17)

(A2.18)
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where,

Vs =Vaa = V1 = V.
Solving (A.25) yields,

y=Vr+x +\j(Vdd -Vr-x)2- % Vs2.
Thus, we get,

k=-|4 —'\/ w2
= tlx=vy Y rpVZ-NVZ

S

and,
v,
VO = (k + 2)VT + m-
The read noise margin can be given by substituting y =— kx + Vg into (A2.24) as,

Vad—2VT 1 1
k+1 1+ _,lc_ 1+ gk + [q(gk+2k+1)]1% |’

RNMy =Vr

(A2.26)

(A2.27)

(A2.28)

(A2.29)



(1]

[2]

3]

(4]

(5]

(61

(7]

(8]

56

REFERENCES

R.W.Sherburne,Jr.,, M.G.H.Katevenis, D.A.Patterson, and C.H.Sequin, "A 32-Bit
NMOS Microprocessor with a Large Register File", IEEE J. Solid-State Circuits,

vol.SC-19, no.5, pp682-689, Oct. 1984.
J.P.Norsworthy, D.M.Pfeiffer, M.K.Corry, and J.A.Thompson, "A Parallel Image Pro-
cessor Chip", in ISSCC Dig. Tech. Papers, pp.158-159, Feb. 1988.

J.A Fisher, "Very Long Instruction Word Architectures and The ELI-512", Yale

University Department of Computer Science, Technical Report 253, 1982.

Y.N.Patt, W.M.Hwu, and M.Shebanow, "HPS, A New Microarchitecture: Rationale
and Introduction", Proceedings of The 18th Annual Workshop on Microprogramming,

Asilomar, California, Dec. 1985.

W.M.Hwu and Y.N.Patt, "HPSm, A High Performance Restricted Data Flow Architec-
ture Having Minimal Functionality”, The 13th International Symposium on Computer
Architecture Conference Proceedings, Tokyo, Japan, Jun. 1987.

W.M.Hwu, Ph.D Dissertation, Computer Science Division, EECS Dept., University of

California, Berkeley, CA 94720, 1987.

G.A.Uvieghara, "Circuit Design Considerations for the Register Alias Table (RAT) -A
Smart Register File for the HPSm Dataflow Microprocessor”, M.S. Thesis, EECS
Dept., University of California, Berkeley, CA 94720, May 1987.

H.Kadota, S.0zawa, K.Kawakami, and E.Ichinohe, "A New Register File Structure for

The High-Speed Microprocessor”, IEEE J. Solid-State Circuits, vol.SC-17, no.5,

pp892-897, Oct. 1982.



57

[9] K.J.O’Connor, "The Twin-Port Memory Cell", IEEE J. Solid-State Circuits, vol.SC-22,

no.5, pp712-720, Oct. 1987.
[10] R.G.Stewart and A.G.F.Dingwall, "16k CMOS/SOS Asynchronous Static RAM", in

ISSCC Dig. Tech. Papers, pp.104-105, Feb. 1979.

[11] E.Seevinck, F.J.List, and J.Lohstroh, "Static-Noise Margin Analysis of MOS SRAM

Cells", IEEE J. Solid-State Circuits, vol.SC-22, no.5, pp748-754, Oct. 1987.

[12] J.Lohstroh, E.Seevinck, and J.D.Groot, "Worst-Case Static Noise Margin Criteria for
Logic Circuits and Their Mathematical Equivalence", IEEE J. Solid-State Circuits,

vol.SC-18, no.6, pp803-807, Dec. 1983.

[13] J.Lohstroh, "Static and Dynamic Noise Margins of Logic Circuits", JEEE J. Solid-State

Circuits, vol.SC-14, no.3, pp591-598, Jun. 1979.

[14] H.J.Shin, "Electronic Switching Techniques for Fiber Optic Networks", U.C.Berkeley

ERL, Memorandum No.UCB/ERL M88/15, 1988.

[15] N.H.E. Weste and K.Eshraghian, Principles of CMOS VLSI Design, Addison-Wesley

Publish Company, 1985.



FU(1)

FU(2)

11

FU(N)

Write Control Ckt. ( to maintain data consistency)

bus 1

FU(1)

bus N

Figure 2.1 Multiple fuction units systems with:(a) multiple singl-port

FU(N)

register file and (b) multiport register file.

g?y\5|€,




bus N bus 2 bus 1

/O Buffers
Address Sense Amplifiers
Decoders :
| WL1
WL2
I WLN
\4
h Bm storage
SW2 element
y (1-bit)
SWN
BLN BL2BL1

Multiport Memory Cell Array

Figure 2.2 Multiport memory with common access-port memory
cell.



bus N bus 2 bus i

/1O Buffers
Address Sense Amplifiers
Decoders
{ | WL Selectors write-WL
i ; —Lh
j : -
HIin J
T'\
vwrite-SW
T storage
element
(1-bit)
# read-WL Y |4
pec2|{ DECH| ]
: § read-sw
\ %F
...... BLN BL2BL1

Multiport Memory Cell Array

Figure 2.3 Multiport memory with seperate access-port memory
cell for noise margin improvement.



Address

bus N bus 2 bus

I/0 Buffers

L

Data Transfer Circuits

1 1.1

Decoders

Sense Amplifiers

WL1

Wig

WLN

storage
element
AL (1-bit)

Multiport Memory Cell Array
Match Detect

& WL Inhibit
Circuits

BLN BL2BL

Figure 2.4 Multiport memory with common access-port memory
cell and word line inhibit circuits for noise margin improvement.



W]
b=
-l
w
-
N
=
>

BLN BL2 BL1

WL1
wL2

WLN

7N P 'IE;D J_NT;G

%\Mw} pol—

Figure 3.1 Differentially accessed multiport (N-port) memory cell.



BLN BL2 BL1
WLt
wL2
WLN
i
J-LN_A.?DT} ‘E-PF
NA
qu—
iy
INVI  INV2
(a)
BLN BL2 BL1
WL1
wL2
'WLN
Fi
H.M.PDT} ‘E'-’F
NA
=
NA o 'd":
gs
(b)
BLN BL2 BL1
WL1
wL2

WLN D

(c)

Figure 3.2 Single-ended access multiport(N-port) memory cells:(a)
static version, (b) pseudo-static version with one-side clocking or (c)
pseudo-static version with two-side clocking.



BLN-1 BL3BL1

BL2BL4 BLN

WL1
wL3 wL2
WL4
WLN-1 WLN
=
T Gl
NA
A
NA NA
INV1 INV2
(a)
BLN-1 BL3BL1 BL2BL4 BLN
WL1
WL3 WL2
WL4
WLN-1
L WLN
NA
o A
ol o’ ™

INV1

INV2

(b)

Figure 3.3 Modified single-ended access multiport(N-port) memory
cells :(a) static version or (b) pseudo-static version with one-side

clocking.
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Figure 3.4 Definition of read noise margin for differentially accessed cell:
(a) circuit schematic with static noise sources, and transfer characteristics
(b) without noise voltage and (c) with critical noise voltage.
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Figure 3.5 Definition of write noise margin for differentially accessed cell:
(a) circuit schematic with static noise sources and (b) graphical
representation of write noise margin.
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Figure 3.6 Definition of noise margins for single-ended access cell:
(a) read noise margins and (b) write noise margins.
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Figure 3.7 Circuit diagrams of differentially accessed cell for
analysis: (a) read noise margin and (b) write noise margin.
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Figure 3.8 Circuit diagrams of single-ended access cell for
analysis: (a) "0" read noise margin, (b) "1" read noise margin, (c) "0"
write noise margin, and (b) "1" write noise margin.
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Figure 3.9 SPICE simulation of noise margins for differentially
accessed cell: (a) read noise margin and (b) write noise margin.
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Figure 3.10 Calculated noise margins of differentially accessed cell
together with SPICE simulation results.
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Figure 3.11 Calculated noise margins of single-ended access cell
together with SPICE simulation results.
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Figure 3.12 Test circuit designed for measuring noise margins of
single-ended access cell.
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Figure 3.13 Read and write noise margins of differentially accessed
cell shown as a function of beta ratio, r for different beta ratios, p .
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Figure 3.15 Optimal beta ratio, r opt , for differentially accessed cell
shown as a function of number of ports, N, for different beta ratios, p .
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Figure 3.16 Maximal noise margin of differentially accessed cell shown
as a function of number of ports, N, for different beta ratios, p .
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Figure 3.17 Calculated noise margins of single-ended access cell
shown as a function of betaratio, r
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Figure 3.18 Calculated read noise margins of single-ended access
cell shown as a function of beta ratio, g
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Figure 3.19 Calculated optimal beta ratio, q,,, . versus beta
ratio, p ,fordifferentbetaratios, r .
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Figure 3.21 Optimal beta ratio, r ., , for pseudo-static single-ended
access cell shown as a function of number of ports, N, for different
betaratios, p
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Figure 3.22 Maximal noise margin of pseudo-static single-ended
access cell shown as a function of number of ports, N, for different beta *
ratios, p .
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Figure 3.23 Transfer characteristics of modified single-ended
access cell in read operation.
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Figure 3.24 Calculated noise margins of modified single-ended
access cell shown as a function of betaratio, r , for different beta
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Figure 3.25 Optimal beta ratio, r ., , for modified single-ended
access cell shown as a function of number of ports, N, for different
betaratios, p .
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Figure 3.26 Maximal noise margin of modified single-ended access cell
shown as a function of number of ports, N, for different beta ratios, p
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Figure 3.27 Maximal noise margin versus number of ports, N, for
different cell structures.
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Figure 3.28 Definition of scale up factor, Fe=Bp/B
:(a) differentially accessed cell and (b) single-ended access cell
("1" read).
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Figure 3.29 Scale up factor, F_ , of differentially accessed cell shown
as a function of number of ports, N, for different betaratios, p .
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Figure 3.30 Normalized active area, A n - Of differentially accessed
cell shown as a function of number of ports, N, for different beta
ratios, p .
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Figure 3.31 Scale up factor, F_ , of one-side clocked pseudo-static
single-ended access cell shown as a function of number of ports, N,
for different beta ratios, p
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Figure 3.32 Normalized active area, A, , of one-side clocked
pseudo-static single-ended access cell shown as a function of
number of ports, N, for different beta ratios, p
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Figure 3.33 Scale up factor, F_ , of two-side clocked pseudo-static
single-ended access cell shown as a function of number of ports, N,
for different beta ratios, p .
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Figure 3.34 Normalized active area, A, , of two-side clocked
pseudo-static single-ended access cell shown as a function of
number of ports, N, for different beta ratios, p .
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Figure 3.35 (a) Dummy cell circuit and (b) schematic of operation for
signal/noise ratio improvement.
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Figure 3.36 Scale up factor, F_ , of dummy-cell based one-side
clocked pseudo-static single-ended access cell shown as a function
of number of ports, N, for different beta ratios, p
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Figure 3.37 Normalized active area, A, , of dummy-cell based one-side
clocked pseudo-static single-ended access cell shown as a function of
number of ports, N, for different beta ratios, p
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Figure 3.38 Scale up factor, F_ , of dummy-cell based two-side
clocked pseudo-static single-ended access cell shown as a function
of number of ports, N, for different beta ratios, p
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Figure 3.39 Normalized active area, A,, , of dummy-cell based two-side
clocked pseudo-static single-ended access cell shown as a function of
number of ports, N, for different beta ratios, p
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Figure 3.40 Normalized active area versus number of ports, N, for
different cell structures.
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Figure 3.41 Memory array configurations: (a) differential sensing, (b)
split-bitline configuration using single-ended cell and (c) split-bitline
configuration with dummy cell.
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Figure 3.42 Normalized active area, A, , versus number of ports, N, for
different cell structures ( reduced bitline capacitance for single-ended
cell).
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Figure 3.43 Normalized active area, A, , versus number of ports, N, for
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bitline capacitance and dummy cell for single-ended cell).
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Figure 4.1 Voltage sensing scheme with:(a) split bitline configuration and
(b) dynamic cross-coupled sense amplifier.
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Figure 4.2 Current sensing scheme with:(a) one-sided bitline configuration

and (b) transresistance sense amplifier.
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Figure 4.3 Signal current in minimum size single-ended triple-port cell.

Figure 4.4 Dynamic cross-coupled sense amplifier circuit with notations
for analysis.
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Figure 4.5 Calculated delay and peak current for dynamic cross-coupled
sense amplifier shown as a function of transconductance of the transistor.
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Figure 4.6 Transresistance sense amplifier circuit with notations for
analysis.
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Figure 4.7 Calculated delay and peak current for transresistance sense
amplifier shown as a function of transconductance of the transistor.
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Figure 4.8 SPICE simulation results of the transresistance sense amplifier(Cbl=2pF).
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Figure 4.9 SPICE simulation results of the transresistance sense amplifier (Cbl=4pF).
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Figure 4.10 Class-A push-pull current sense amplifier: (a) sense circuit
and bias circuit , and (b) circuit diagram with notations for analysis.
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Figure 4.11 SPICE simulation results of the class-A push-pull current sense amplifier (Cbl=2]5F).
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SPICE simulation results of the class-A push-pull current sense amplifier (Cbl=4ij.
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Figure 4.13 Calculated sensing delay as a function of bitline capacitance
for different sense amplifiers.
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Figure 4.14 Calculated power dissipation as a function of bitline
capacitance for different sensing schemes.
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Advantage

Easy to get Vdd/2 (but
not accurate)

Zero DC power

Simple configuration

Disadvantage

Needs timing margin for
triggering SAs

High peak current for
high-speed sensing

Needs prechrge Ckt. to set
BL level after WRITE

Trans-
resistance|| Small area High DC Power for
Sense high-speed sensing
Amp. High peak current for
precharging BL
High-speed for larger BL DC power

Class-A capacitance

P.P. Sensing speed is relatively High peak current for
Current insensitive to bias(DC) precharging BL
Sense current

Amp. Consumes large area

Table 4.1 Design tradeoffs for different sense amplifiers.




Figure A1.1 Circuit diagram of differentially accessed cell for analysis.
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Figure A2.1 Circuit diagram of single-ended access cell for analysis:
(a) "0" read noise margin, (b) "1" read noise margin.
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