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Abstract 

 
AN AREA-EFFICIENT, HIGH-PERFORMANCE, LOW-POWER MULTI-

PORT CACHE MEMORY ARCHITECTURE 

By  

Hassan Bajwa 

 
 
Advisor: Professor Xinghao Chen  

 

In recent years significant research activities have been geared toward reducing 

bottleneck caused by slow READ and WRITE operations of conventional memories. 

Ever increasing power-hungry applications and hardware have stretched present 

memory architecture and technology to the limit. Increasing cache sizes and the 

number of cache levels between microprocessors are no longer a practical solution as 

low cost as well as low access latency imposes a restriction on the growth of cache 

size. Dual-port memory technologies, implemented with explicit duplication of word 

and bit lines for each port, have been widely applied to multi-core processors in 

recent years. Since the silicon areas used by word and bit lines dominate entire 

memory area, duplicating the word and bit lines results in large silicon area and 

increases bitline discharge and power dissipation [1]. It is not uncommon to have 

dual-core processors or Systems-on- Chip (SOC) applications where memory occupy 

more then 50% of the chip area [2]. Recently, as technology scaled down in the sub-

micron regime, power dissipation due to leakage energy has become an important 
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consideration in high performance microprocessor design. Leakage power dissipation, 

usually proportional to chip area has emerged as a dominant source of energy 

consumption [3, 4].  

We have proposed a dynamically configured area-efficient memory architecture that 

can improve the performance of a traditional hardwired dual-port memory without 

explicitly duplicating the word and bit lines for the second port. In other words, the 

dual-ports in our design share the word and bit lines used in the traditional hardwired 

single-port memory. The new area-efficient dual-port memory technology employs a 

dynamically configured isolation circuit to divide a conventional memory into two 

virtually isolated blocks, thus allowing dual-port accesses simultaneously. These two 

virtually isolated memory blocks work just like two conventional single-port 

memories. Since no word and bit lines are explicitly added for the second port, the 

silicon size of the hardwired dual-port memory can be reduced almost to half, while 

allowing less power consumption and access latency at the same time. The dynamic 

isolation of a memory block into two virtually isolated blocks is realized, utilizing the 

real time memory access addresses on the two ports. 
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Chapter 1 Introduction 
 
 
 Cache is a smaller, faster and expensive memory located closer to Central processing 

unit (CPU) and holds a fraction of total memory that the processor is most likely to 

need next. Despite the advances in integrated circuit design, overall system 

performance is seriously impeded by bottleneck due to memory latency. Most modern 

microprocessors use multi-level hierarchical large on-chip cache to bridge  

performance gap between processor and main memory, however larger on-chip cache 

results in larger die area and high fabrication cost [5]. Static random access memory 

(SRAM) also appears to be a major source of power dissipation as it contains highly 

capacitive bit line and is accessed frequently. In recent years, several architectural and 

circuit techniques [6-10, 15] have been developed to enhance performance, reduce 

area power consumption, and other design parameters. In this chapter we are going to 

present various design parameters and limitations of conventional cache architecture.   

 



1.1 Background 

Technology scaling has provided remarkable improvements in performance of 

electronic circuits. As feature size shrinks with every subsequent generation of 

technology, SRAM transistor density, on-chip cache size and leakage current 

increases. Submicron technologies impose new challenging design constraints, 

keeping memory cell smaller while designing low power large cache has proven to be 

extremely difficult [10].  

 

1.1.1 Area 

Ever increasing power-hungry applications and hardware have stretched present 

memory architecture and technology to the limit. Amount of real-estate devoted to 

on-memory is continuously increasing. With multi-core processor technologies (such 

as IBM Cell [20], AMD Opteron 2005 [22] , Intel Itanium®-2 [18] and Pentium®-D 

[26] that are capable of integrating two processor cores on the same die) moving into 

the mainstream applications, making cache memory highly accessible by multiple 

processors becomes a necessity, while being technologically challenging. Multi-port 

cache memory would provide the needed accessibility to multiple CPUs. Historically, 

multi-port memory designs have been implemented with dedicated word and bit lines 

for each port. Since the silicon areas used by word and bit lines almost cover the 

entire memory area [1], duplicating the word and bit lines results in multiplying the 

silicon areas used by a multi-port memory system with the number of ports. 

 

An overview of state of the art multi-core processors reveals that level 2 (L2) cache 
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occupies more than half of the chip area in these processors [16-19].  International 

Technology Roadmap for Semiconductors 2001 predicted that cache will occupy 90% 

of chip area by 2013 [59]. Trends in recent System on-chip (SOC) designs have 

proven that memory design is as important as processor design in order to achieve 

performance [40, 41 and 42].  

 

1.1.2 Power 

Power along with performance has become a major design consideration in mobile 

and embedded computing products. Motivation for designing an efficient memory 

system stems from the fact that on-chip memory size is continuously increasing and, 

large cache memories have a significant impact on the overall system energy 

consumption. Sub-threshold leakage current (flowing from drain to source, even 

when the transistor is not operating) emerged as a dominant leakage current in high 

performance microprocessors [3,4] where L1 and L2 cache occupy majority of die 

area. As transistor size scales down, power dissipation becomes a serious problem 

that limits overall system performance [11, 12]. In high performance systems 

employing multi-core technologies, bit line leakage current can contribute to as much 

as 50% of overall cache memory leakage power [8-10, 63]. The trend of using multi-

port cache in modern microprocessor technologies [10] has exuberated this further, as 

leakage current dissipation is roughly proportional to area of the circuit [17] 
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1.1.3 Wire or interconnect delay 

Delay in memory is strongly dependent upon capacitance of the word and bit lines. 

As feature size shrinks by half, area of device is expected to be reduced to 1/4th. In 

nano meter design wires accounts for the majority of overall system delay and hence 

it is naive to assume that the capacitance is not a linear function of length. Resistive 

Capacitive (RC) delay is a major concern in submicron technologies and wire 

redesigning has to be done to keep the wire delay as small as possible. Several 

research efforts have been made to reduce bit line capacitance and thus improve the 

performance of SRAM [11, 12, and 54]. Intra memory interconnect (bit-lines and 

word-lines) dominates energy dissipation in traditional on-chip memories; increase in 

interconnect length due to growing cache size will adversely effect the performance 

of memory. Any technique that reduces interconnect length will also reduce latency 

and save power. 

 

1.2 Dissertation Objective 

This dissertation provides circuit and architectural solutions to reduce area overhead 

of SRAM caches and, thus, reduces power dissipation and latency in conventional 

SRAM architectures. Various circuit design approaches to lower leakage power and 

increase access speed of memories are studied and a novel architectural approach to 

reduce area and bit line latencies is presented.  

 

This dissertation has achieved the mentioned objectives by the following steps: 

• Presenting a design of a novel dynamically configured cache memory. 
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• Proposing an architecture that reduces leakage current and static power 

dissipation to half of traditional dual-port memories.  

• Proposing an architecture that is capable of reducing cache size to half of 

traditional memory architecture. 

• Presenting the device model and characteristics in sub-micron technology.  

• Presenting analytical and simulation results. 

 

1.3 Organization 

This dissertation is organized as follows. Chapter 2 presents an overview of SRAM 

cell. Designs and operations of SRAM single and dual-port memory cells are 

explained. Limitations of conventional single-port and dual-port memory cells are 

explored in this chapter.  In Chapter 3 we present an analytical model for static power 

dissipation in cache memories. We also explore existing architecture and circuit 

techniques to reduce leakage power in memory circuits are presented.  In Chapter 4 

we review several existing architectural and circuit techniques which reduce leakage 

current and bit line latency. Chapter 5 presents conventional cache architecture and 

organization. Cache associativity, memory partitioning and   hierarchical memory 

architecture is detailed in this chapter. In the following chapter we l present newly 

proposed dynamically configured cache architecture and observe the advantages of 

this architecture in detail.  Leakage power in conventional and the newly proposed 

dynamically configured memory is discussed in this chapter. Detailed analytical 

analysis of static power dissipation in newly proposed architecture is also presented in 

this chapter.  
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Accurate characterization of future technologies and device modeling at an early 

stage is extremely important in predicting behavior and performance of next 

generation devices. Chapter 7 presents the device model for the proposed dynamically 

configured memory using Berkeley Predictive technology model (BPTM).  We 

present a device model for proposed dynamically configured memory. Device 

resistance as well as bit line resistance and capacitances are calculated as technology 

scales down beyond 100nm.  Finally, the results are presented in Chapter 8 followed 

by conclusion in Chapter 9.  
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Chapter 2 Overview of SRAM 

 

Introduction 

More performance is expected from memories as multi-core processors capable of 

executing multiple processes/threads are implemented.  Different memories with 

different capabilities are mostly designed for specific application. Because of the 

importance of fast on-chip memory, high speed SRAM is the first choice of designers 

in cache design. Though SRAM cells are four times the size of Dynamic random 

access memory (DRAM) [62], computer hierarchy uses a small amount of very fast 

SRAM for cache to hold most frequently accessed information. In this chapter we are 

going to focus on single SRAM cell design; we first describe a single-port  SRAM 

cell design, its operation and limitations. We continue by describing a dual-port 

memory cell, present its operations and guide the reader through limitations of this 

dual-port memory cell.  

 

2.1 SRAM Cell 

A classical single-port  SRAM cell employs 6-transistors, a word line (WL) and a pair 
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of bit lines.  When the word line (WL) is selected, SRAM cell is connected to the pair 

of compliment bit lines (BL and BL ) via pair of pass transistors T5 and T6. Based on 

conventional cross-coupled inverter design, SRAM cell (shown in Figure 1) is the 

most frequently implemented due to its low quiescent power and greater soft error 

resistance [1].   

 

WL 

True B
it  

 T5 T6 

T1 

T2 

T3 

T4 

BL 

C
om
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ent B

it  

BL 
 

Figure 1.   6-Transistor SRAM Cell 
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2.2 Operation of SRAM Cells 

The functions of the cells are to hold, read and write data. Same bit-lines pair is used 

for both read and write operations. It is possible to perform read and write operations 

using only one bit line, but it would require a full swing of logical value of data 

resulting in large transistor size and slow operations. The following subsections 

briefly discuss read and write operations of a memory cell. 

 

2.2.1 Read Operation of Conventional Single-Port SRAM Cell 

The read operation starts by address being input to the memory and clock rising high. 

For both the read and the write operations word line is selected high and access 

transistors are turned on.  Before the read operation is performed on memory cell both 

bit lines are pre-charged high, the evaluation period then follows in which the word 

line goes high and the transfer devices (T5 and T6 in Figure 1) turns on. SRAM cell is 

then connected to the pair of compliment bit lines (BL and BL  in Figure 1), which in 

turn reads the value stored in the cell. If a 0 is stored in the cell bit line is discharged 

and the compliment bit line remains high. If a 1 is stored in the cell, the bit line 

remains high and the complaint bit line is discharged. The difference between the bit 

and the compliment bit lines are fed into the sense amplifier to generate a valid output 

stored in the buffer. During the read operation the pre-charge circuit is turned off.  

 

Delay in memory access is one of the major bottlenecks in embedded system 

performance and is generated from the following: 

• Decoder: Decoding the address.    
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• Word line: Driving the specific word line high. 

• Bit line: Placing the contents of cell on the bit line. (The longer the bit lines 

are more delay it cause). 

• Sense Amplifier: Sensing the voltage at the bit line and driving the signal to 

data bus. 

 

In most of the high performance memories, the bit line only swings a small amount in 

read operations. Delay in high performance memories can be controlled by reducing 

the size of the bit line and thus designing smaller memories and sense amplifiers that 

respond to a very small voltage swing. SRAM memories can restrict the bit line 

voltage swing to 10% of VDD [25, 56]. 

 

2.2.2 Write Operation of Single-Port SRAM Cell 

As mentioned earlier, in SRAM a differential bit line pair is attached to each cell. 

Before a write operation, these bit lines are pre-charged to the high state. The transfer 

devices are NFET transistors (T5 and T6 in Figure1) that can efficiently write a 0. 

Thus write operation is always accomplished by forcing a 0 at either the bit or 

compliment bit line. To write a 1, the compliment bit bar is forced to low and to write 

a 0, the bit line is forced to low.  

 

2.3 Limitation of Single-Port Memory 

Memory latency is one of the major performance bottle-neck in modern 
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microprocessor design. Multi-core technologies and several data processing 

subsystems demand cache memory that allows parallel and high bandwidth access. 

As mentioned above single-port  memory cells have only one port thus only one 

operation can be performed on a cell at a time. While an operation is being performed 

no other cell can be accessed from the block.  Memory bandwidth can be increased by 

using effective caching techniques including memory bus sharing and implementation 

of cache coherence protocols [27], efficient readout and layout algorithms [1, 56], 

hierarchical cache memory [29,57], high-speed memory clock [30], and multiple 

ports to access memory partitions in parallel [1, 30]. Among these methods the dual-

port memory architecture is the most extensively-used approach. 

 

2.4 Dual-Port Memory Cell 

Demand of on-chip shared memory that allows independent, parallel and high 

bandwidth access have risen significantly over the years.  Dual-port memory cell is 

the most commonly used multi-port memory cell that provides required access to 

multi-processor applications. In addition to six transistors, a pair of bit-lines and a 

word line in conventional SRAM cell, a dual-port memory cell uses two additional 

pass transistors: an additional bit line pairs and a world line to provide much needed 

simultaneous access. Figure 2 shows the classic dual-port memory architecture, in 

which each SRAM cell is accessible by two ports with dedicated word and bit lines to 

each. The addition of the word and bit lines and access transistors T7 and T8 increase 

silicon area significantly.  

Dual-port memories are implemented with explicit duplications of the word and bit 
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lines for each port (hence hardwired dual-port) or via software support on top of a 

single physical port (hence soft dual-port). Scalability of a multi-port cell is much 

trickier than a one port cell. Due to area overhead technologies like power5 [11] and 

Itanium [16] have almost half of the processor area consumed by cache.  

 

2.5 Dual-Port Memory Operations 

Dual-port memory is capable of performing two simultaneous operations in one clock 

cycle. As long as these operations are performed in different cells, dual-port memory 

can read and write data twice the speed of single-port memory cell without any 

further consideration.  In dual-port memory it is possible that both ports access the 

same cell at the same time, which can make a dual-port memory cell unstable. To 

resolve this issue, pseudo multi-port memory utilizes high-speed clock to generate 

multiple memory accesses in a single clock cycle. Pseudo multi-port memory uses a 

clock pulse generated within the memory to allow same cell access in one clock cycle.  

 

2.5.1 Read / Read on same cell 

As in single-port memories in dual-port memories bit lines are pre-charged high 

before any operation is performed. The read operation starts by address being input to 

the memory and clock going high. Two world lines can be selected high and access 

transistors T5, T6, T7 and T8 are turned on which in turn reads the value stored in the 

cell shown in figure 2. 
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Figure 2.  8-Transistors Dual-Port Memory Cell  

If a 0 is stored in the cell, the bit line is discharged and the compliment bit line 

remains high. If a 1 is stored in the cell, the bit line remains high and the compliment 

bit line is discharged. The difference between the bit and compliment bit lines are fed 

into the sense amplifier to generate a valid output stored in the buffer. During the read 

operation the pre-charge circuit is turned off.  

 

When two read operations are performed on a cell at the same time this cell has to be 

able to sink twice the speed of single-port memory. The cell stability of multi-port 

memory cell is defined by the ratio of the strength of pull-down transistor divided by 

the combined strength of all transfer devices.  
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2.5.2 Read / Write on same cell  

Since there is no way of knowing whether the data accessed by read operation has 

already been updated, read/write operation on the same cell is therefore extremely 

critical. It is not possible to know whether a data is valid when both “Read” and 

“Write” operations are performed on a cell in one clock cycle.   As mentioned above, 

pseudo multi-port memories can use two clocks generated within the memory to 

perform this operation. With the first clock generated in the memory, the first 

operation is performed once this operation is completed, and then only the second 

operation is performed. These operations need to be defined carefully, because the 

invalid data will be read, if read is performed before data is written.  

 

2.5.3 Write / Write on same cells 

Write requests consist of new information to be written to a location specified by the 

address. If the location specified by the address is stored in the cache, a hit occurs, 

otherwise, a miss results and the request is forwarded to the next memory in the 

hierarchy. It is critical that only one write operation is performed on a specific 

location in one clock cycle, otherwise integrity of the data cannot be guaranteed.  

 

2.5.4 Operations on two different cells  

The biggest advantage of multi-port memory is multi-tasking. Memory speed can be 

enhanced by allowing multiple processors and threads to access cache simultaneously. 

Dual-port memory allows memory operation to be performed on any two memory 
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cell in a memory core simultaneously.  

 

2.6 Dual-Port Memory Applications 

Many microprocessors, multi-core technologies, as well as multi-media applications 

contain several data processing subsystems. Dual-port (as well as multi-port) memory 

architecture has been applied with instruction and data cache implementations in 

multi-core processors in recent years. These systems require on-chip shared cache 

that can provide independent, parallel and high bandwidth access.  Dual and multi-

port caches are capable of providing required accessibility by increasing the number 

of ports. Therefore, it doubles (in the case of the dual-port) or multiplies (in the case 

of multi-port) the speed of a single-port cache. IBM Power5® is a single-die silicon 

solution which contains two identical processor cores, each supporting two logical 

threads [19]. Power5® uses separate buses for READ and WRITE with L3 cache. Its 

L2 cache is a dual-port design and is implemented on the same die as three identical 

slices with separate controllers. Each processor core can independently access each 

controller. Intel Itanium®-2 uses a combination of dual-port and four-port caches to 

support the dual-core processors on the chip [16]. A 4-port data cache allows four M 

operations per cycle. Itanium®-2 L1 cache uses separate memory ports for different 

functions: Ports 0 and 1 support load operation and Ports 2 and 3 support integer 

operations. L2 cache is shared for data and instructions.  

 

The new Intel Montecito dual-core dual-thread Itanium® processor   uses 3 levels of 

cache [21]. The L1 cache uses two separate caches, one for instruction (L1I) and the 
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other for data (L1D). L1D allows two integer load and store with its dual-port at the 

same time, while L1I uses dual-ported tags and single data port to support 

simultaneous demand and pre-fetch accesses. The L2 cache also has dedicated L2I 

and L2D caches, with the tag array supporting four-port independent accesses in the 

same cycle. 

 

2.7 Limitation of Dual-Port Memory  

Multi-port memory cells are significantly larger then single-port cells. An eight 

transistors dual-port cell takes up to twice the area of six transistors single-port cell. 

This extra space is due to extra word lines and bit lines [1]. As the memory size 

grows larger, the high capacitance bit line and I/O lines also become larger. The 

longer the lines, the larger will be the swing and memory will not only become slower 

but will also consume more energy.  

 

Summary 

An overview of static CMOS RAM cells has been presented in this chapter. We 

observed that multi-port memory can easily be designed by adding a pair of pass 

transistors a duplicate bit lines and a word-line.   Multi-port memory cells are 

significantly larger than single-port memory cell because as the number of port 

increases so does the word and bit lines that occupy majority of chip area.  We will go 

over leakage current and power dissipation in the SRAM in the next chapter. 
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Chapter 3 Leakage Current and Power Dissipation in SRAM 

 

Introduction 

Sub-threshold leakage current flowing from drain to source, even when the transistor 

is not operating, emerged as a dominant leakage current in high performance 

microprocessors [3-4] where L1 and L2 cache occupy majority of the die area [16-20]. 

Large on-chip cache memories are needed as high performance multi-core 

technologies are becoming more popular. Technology scaling and increasing number 

of on-chip devices has worsened the already serious problem of power dissipation in 

high performance systems [7, 47, 49-52, 55].  

In this chapter, we focus on present SRAM technologies and analyze leakage current 

in them. As technology scales down, the need of optimizing leakage power has 

become more significant. We also study the conventional cache organization and 

further estimate leakage current in SRAM.  
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3.1 SRAM Leakage Power 

Historically, the primary source of power dissipation has been dynamic energy due to 

the charging/discharging of load capacitances as a device switches. As technology 

scales down in deep submicron dimensions, transistors gets smaller, gate oxide gets 

thinner, and as the result Metal-Oxide-Semiconductor Field-Effect Transistor 

(MOSFET) suffers from conventional short-channel effects [3, 4, 7-10, 13-15]. 

Channel length modulation (CLM), carrier velocity saturation, drain-induced-barrier 

lowering (DIBL), reverse short-channel (RSC) effect, and substrate current induced 

body effect (SCBE) are expected to play more significant role in total leakage power 

of future generation of processors [3,4].  In a Complementary Metal Oxide 

Semiconductor (CMOS) memory circuit half of the transistors will be off at any given 

time, and thus contribute towards memory leakage current.  

 

Figure 3 shows how leakage current increases as the technology scales down from 

180 to 32 nm. Scaling and power dissipation trends in future technologies will cause 

sub-threshold leakage current to become an increasingly large component of total 

system power dissipation [55]. Newly proposed architectural and circuit optimization 

techniques to reduce leakage current have been discussed later in this chapter. In the 

following sections we are going to analyze components of leakage current. 
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Figure 3.  Leakage Current Trends as Technology Scales from 180-to 32nm 

 

3.2 Memory Cell Static Leakage Current 

Embedded SRAM suffers form cell leakage current and bit-line leakage current. Five 

basic components of cell leakage current are: reverse biased, sub- threshold, gate 

induced punch through, and gate tunneling leakage current. Sub-threshold leakage 

current is drain to source current of the transistor. When the gate source voltage is 

less then the threshold voltage (i.e, transistor is operating in weak inversion). In this 

region the main contributor to leakage current is defined by Berkeley BSIM model as 
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follows [24]   
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where, Voff is empirically determined model parameter, q
KTVt = is a physical 

parameter proportional to temperature, Vth is the threshold voltage, and current 

L
WII soo ∗= '  depends on transistor geometry. Leakage current through single 

transistor when it is off (Vgs = 0 and Vds = Vcc) can be reduced either by increasing the 

threshold voltage or by changing the width of the transistor.  

 

3.3 Leakage Current in Idle Memory 

During the inactive state, when world-line is low and bit-lines are pre-charged high, 

one memory cell stores a high and a low value. In Figure 4, when a 0 is stored at node 

A transistors T1, T5 and T4 will dissipate leakage current, and when a 1 is stored, T2, 

T3 and T6 will dissipate leakage current. Leakage current in the memory cell can be 

expressed as: 

)4()5()1( TIdsubTIdsubTIdsubdcellI ++=                         (2) 
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Figure 4.  Leakage Current in Single-Port SRAM Cell 

 
For a memory core with N rows and M column this leakage current is represented as: 

 

( ))4()5()1( TIdsubTIdsubTIdsubMNIdcore ++∗=                 (3) 

 
Figure 5 shows the classic dual-port memory architecture, in which each SRAM cell 

is accessible by two ports with dedicated word and bit lines to each port. The addition 

of the word , bit lines and access transistors T7 and T8 would not only double the 

silicon area as an approximation, but also increases the leakage current significantly. 
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Figure 5. Leakage Current in Dual-Port SRAM Cell 

 

In multi-core technologies, multi-port memory architecture has been applied to allow 

multiple simultaneous accesses to memory. However, sub-threshold leakage current 

and large amount of bit line discharge have emerged as an unwanted byproduct.  

Leakage current for a Dual-port memory cell can be expressed as: 

)7()4()5()1( TdsubITIdsubTIdsubTIdsubdcellI +++=               (4) 

          

For a memory core with N rows and M column this leakage current is represented as: 
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3.4 Leakage Current during Read and Write Operation 

During read operation bit-lines are precharged high and one word-line is activated. 

Depending on the data stored in memory, one of the bit-lines discharges, which 

accounts for about 10% of VDD in most high speed memories discharge [25]. For 

simplicity, let us ignore bit line discharge and assume that both bit-lines are charged 

to VDD   during the Read operations. In Figure 4, for single-port memory, pass 

transistors of T5 and T6 are turned on. When a 0 is stored at node A, only transistors 

T1 and T4 will dissipate leakage current. Leakage current in the memory cell during 

read and write operation is expressed as: 

)4()1( TIdsubTIdsubdcellI +=                                   (6) 

 
In a memory core with N rows and M columns, (N-1) rows will have three transistors 

and one row will have only two transistors per cell that will dissipate leakage current. 

Memory array leakage current in read phase can be expressed as:  

( )[ ])4()5()1()1(

)}4()1(){(

TIdsubTIdsubTIdsubMN

TIdsubTIdsubMIdcore

++∗−+

+=

                   (7) 

In high performance memories bit-lines are precharged high and Write operation is 

accomplished by forcing a 0 at either the bit or compliment bit line. Depending on 

data one of the bit-line pair is discharged. The leakage in write phase is the same as 

that for read operation.  

 

Since leakage current in memory core is much larger than that of a column, 

collectively, we will use Equation (5) to express leakage current in a memory core.  
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Summary 

This chapter explored analytical models for leakage power estimation in SRAM cell.  

The model considered leakage current in single and Dual-port memory cells. The 

model takes numbers of rows and column in consideration to estimate leakage current 

in memory core.  We observed that in a single-port  memory cell in an inactive state 

at-least three transistors are contributing towards sub-threshold leakage current. In a 

dual-port memory cell four transistors per cells contributes toward leakage current. 

We will compare leakage current dissipation in dual-port memory against leakage 

current in dynamically configured dual-port memory proposed later in this 

dissertation. The next chapter presents literature overview of the scope of this 

dissertation. 
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Chapter 4 Literature Review 
 

Introduction 

In the 90nm generation, the amount of embedded memory in system on-chip (SOC) 

has already exceeded 50% of the chip area. It is also expected that this percentage 

will further increase at the 65nm regime and beyond [63]. Static SRAM contains high 

capacitive buses that are accessed frequently, as the result latency and energy 

dissipation have become an important design constraint as technology scales down in 

sub micron regime.  In this chapter we will outline various research areas that are 

relevant to reducing the sub-threshold leakage power in static random access memory 

(SRAM). Furthermore, we will discuss circuit as well as architectural techniques used 

to reduce leakage current.  

 

4.1 Circuit and Device Approaches to Reduce Leakage Current 

Most of the recent research activities in this area are geared towards the reduction of 

sub-threshold leakage current in on-chip cache. The exponential impact of higher 
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threshold voltage on leakage power leads to techniques such as Dynamic Vt SRAM, 

Reduced-gate SRAM (RG_SRAM), and Multi-Threshold CMOS (MTCMOS) [8, 35, 

and 38]. Among process and circuit level techniques, Dual-Threshold Voltage and 

Gated Vdd have been discussed in [8, 15, 34, 35, 36]. We will briefly describe these 

techniques in this section. 

 

4.1.1 Multi-Threshold CMOS  

The multi-threshold CMOS (MTCMOS) circuit technique was proposed to satisfy 

both the requirement of lowering the threshold voltage of transistors and reducing 

standby sub-threshold leakage current [23]. MTCOMS uses N-channel and P-channel 

MOSFETS with two different threshold voltages, it also uses active and sleep mode 

for efficient power management. High performance is achieved when low threshold 

voltage transistors are used in the logic circuit. Power dissipation is reduced by using 

High-Vt transistors (sleep transistors) to gate the power supply to the low-Vt logic 

block. Whenever high-Vt transistors are turned on, low-Vt logic block is connected to 

Vdd and Vss as shown in Fig 6. MTCMOS technology cannot be applied effectively in 

the memory design since disconnecting the power supply can destroy the memory 

data [35].  
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Figure 6. MTCMOS Circuit Structure 
 
 

4.1.2 Dual-Threshold SRAM 

Dual-Threshold voltage CMOS (Dual-VTH CMOS) technique has been reported [15, 

33 and 35] to reduce sub-threshold leakage current significantly. Dual threshold 

reduces leakage current by using low-Vt devices in the critical logical path (where 

high performance is desired). Since leakage current in SRAM contributes 

significantly towards total system power dissipation, dual-VTH SRAM design uses 

high-Vt devices in the memory cell and low-VTH devices in the peripheral circuit. In 

[42, 47] SRAM cell with different configuration of dual-VTH transistors have been 

investigated. Fig.7 shows different design choices. High-VTH reduced leakage current 

but had an adverse effect on the performance of memory. In the worst case scenario, 

when all transistors in a memory cell are high, VTH cache memory delay can increase 

by 26% [42, 47].  
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Figure 7. Single-Port SRAM with High-VTH Transistors 
 
 
 

4.1.3 Gated-Vdd SRAM 

Sub-threshold leakage current and leakage energy dissipation increase exponentially 

with decreasing threshold voltage. Gated-Vdd or Gated-ground introduces an extra 

transistor to gate supply voltage (Vdd or the ground path) of SRAM cells as shown in 

Fig.8.  The extra transistor is turned on in the used sections and turned off in the 

unused sections. To prevent leakage energy dissipation, Gated-Vdd uses the stacking 

effect of self reverse-biasing series-connected transistors. Gated-Vdd reduces leakage 

current significantly. When switched to low leakage mode, it can lose information 

stored in the memory cell, thus significant performance penalty may occur when 

higher level cache is accessed due to lost of data.  

 28



 

WL 

True B
it  

T5 T6

T1 

T2 

T3

T4

BL 

C
om

plim
ent B

it  

BL Vss 

Gated-ground 
Transistor 
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Gated-Vdd transistor can be shared among multiple circuit blocks to amortize the 

overhead [8]. 

 

Among other approaches forward and reverse biasing techniques have also been used 

successfully to reduce the leakage power in SRAM. In these techniques, the threshold 

voltage of the transistors of each cache line is controlled separately by using forward 

or reverse biasing of the circuit. Forward biasing reduces the threshold voltages and 

thus increases the on-currents of the devices. Reverse bias voltages raises the 

threshold voltages by reducing the sub-threshold currents and saving power in the 

standby mode [46]. Dynamic Vt SRAM [34] reduces leakage current in cache 

memories by switching cache lines to high Vt, if the access has a small probability.  
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4.2 Architectural Techniques to Reduce Leakage Power 

In recent years several techniques have been implemented to design energy efficient 

memories. Most approaches to reducing leakage power combine architectural 

techniques with circuit techniques [27 – 32]. Pre-charging as well as keeping high 

capacitive bit-lines pre-charged high, causes significant power dissipation and 

contributes heavily to total system power dissipations. Considerable leakage current 

reduction is achieved by putting the cache in low power or drowsy mode [27]. Sub-

banks and bit line segmentation has also proven to be very effective in designing low 

power SRAMS.  

 

Among other architectural and organizational techniques, bit line segmentation has 

proven to be very efficient in reducing the capacitance and power in large on-chip 

cache [28, 29]. Hierarchical divided bit line approach [28] divides bit line into sub-

bit-lines resulting in that reduces bit line capacitance, which further reduces active 

power and access time. Yang et. al. [29] explored this architecture further and 

proposed Hierarchical Bit Lines with Local Sense-amplifier (HBLSA), that further 

reduces bit line capacitance and write voltage swing of bit line. Adding parallel bit 

lines in above architecture however increases memory area.  Selective Cache Ways 

[30,44] approach also reduces power in memory design by divide large cache in sub-

arrays. This approach saves power by enabling only a small portion of L2 cache at a 

time.  With the sub-array partitioning in place on demand selective cache provides an 

ability to change the size of cache depending upon the application.  The virtual cache 

memory presented in this approach is accomplished by introducing more ways within 
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sub-arrays using a local word line and repeater switches, cache size can be changed 

by combining sub arrays to make a larger cache.  

 

One major source of energy dissipation is charging/discharging the whole bit-line. 

Rao et.al [31] used segmenters on bit-line to prevent waste of energy. Low power 

dissipation is achieved by allowing only part of bit lines to be pre-charged. In their 

work they studied power consumption by dividing memory into two four and eight 

segments, though this approach has added delays to critical path, yet it has reduced 

the length of bit lines for near cache rows there by reduced the capacitance and power 

efficiency of memory.  Mostly proposed architectures have hardware overhead, 

increased area results in larger leakage energy.  

 

The cache memory configurations employed in the above mentioned approaches use 

fixed bank size and duplicated word and bit lines (without providing dual- and multi-

port accesses), hence, incur either moderate performance degradation or large area 

overhead. 

 

Summary 

Over the last decade there are many proposed circuit and architectural techniques 

aimed primarily at addressing leakage power in SRAM. New designs are 

continuously being developed to low power, reduce area and design high performance 

memories. This chapter presents overview of several circuit-level and architectural 

techniques for reducing the leakage power in deep submicron cache. Survey of design 
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and process techniques like Gated Vdd, RG_SRAM and MTCMOS for suppressing 

the gate leakage current by changing the threshold voltage of devices is presented.  

Brief overview of organizational and architectural techniques like selective 

precharging, putting cache in drowsy mode, sub-banking and bit line isolation is also 

presented in this chapter. These architectural techniques reduce leakage current by 

activating only a part of cache or by changing the size of memory. In the following 

chapter we will look at architecture and organization of conventional cache in detail.  
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Chapter 5 SRAM Organization and Architecture 
 

 

Introduction 

Memory designs are continuously evolving when encountering new problems due to 

poor wire scaling and leakage current in large on-chip cache [45]. As Very-large-

scale integration (VLSI) technology matured, research interests, performance and 

energy tradeoff points shifted. Since new technologies introduced new challenges, 

researchers responded with designs and circuits to compensate for such limitations.  

In this chapter we are going to present details of conventional cache architecture and 

evaluate some recently proposed designs to encounter limitation introduced due to 

device scaling.  

 

5.1 Terminology 

Since existing literature of cache has inconsistent terminologies, beginning of this 

chapter lists and defines the terminologies and expressions used in the following 

chapters.  
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Cache:   

Cache is a small fast memory that holds the contents of s fraction of the 

overall memory.  

Block:  

The cache memory is organized in blocks. When data is transferred between 

caches or between cache and main memory, the entire block containing the 

desired address is transferred. In other words, this is the smallest unit of 

information that may be present in the cache.  

Instruction and Data Cache:  

Instruction Cache stores CPU instructions and data cache stores data for the 

running application. 

Set: 

Set is a collection of blocks that holds data.   

Associativity:    

Associativity is the number of blocks in a set. If the number of blocks is one, 

then the cache is called direct mapped cache. 

Tag and Index:   

In set associative, cache index is used to select the set and tags are used to 

select the block. 

Tag RAM: 

Tag RAM stores address bits. Tag RAM size depends upon the size of the 

memory.  The data in the tag RAM determine whether a cache lookup results 

in a hit or a miss. 
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Data RAM: 

 The actual data is stored in a different part of the cache, called the data store. 

Tag RAM is of varying size, depending upon the size of memory. 

Cache Hit and Misses: 

If the location specified by the address is stored in the cache, then a cache hit 

occurs, otherwise a miss results and the request is forwarded to the next 

memory in the hierarchy. 

 

5.2       SRAM Architecture  

A single bit of memory cell, storing only one bit of data can only be accessed by 

using both row and column addresses. For easier addressing, memory arrays are 

organized as a logical matrix of 2n rows by 2m columns. Thus a 64KB memory cell 

would have 256 row and columns.   

 

The row decoder activates one of the 2n word lines, which connects the memory cells 

of that row to their respective bit lines. The column decoder sets a pair of column 

switches that connects one of 2m bit line columns to the peripheral circuits. A simple 

block diagram of SRAM is shown in Figure 9. This architecture works well for the 

memory size of 64K to 256K [62]. However, as memory size increases capacitance 

and resistance of word (rows) and bit lines (columns) plays a significant role, thereby 

causing memories to become extremely slow.   
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Figure 9.  Block Diagram of SRAM 

 
In response to increasing performance gap between high performance micro-

processors and memory speed, the amount of chip area devoted for memory is 

continuously growing.  In order to avoid speed degradation due to length resistance 

and capacitance of long wires, large memories are divided into small sub-arrays. 

Figure 10 shows an organization of simple data cache. An extra page select line can 

be used to select one page from several pages or one block from several blocks.  
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Figure 10.  Hierarchical Memory Architecture 

 

5.3 Cache Addressing 

On-chip cache memory is divided into two independent banks, one for data called 

data bank and the other for address tags and status bits referred to as Tag Bank.  Data 

bank stores data needed for program execution and tag is used to determine if cache 

data is indeed the data being referenced. Figure 11 shows a block diagram of a simple 

cache presented by [39]. A cache line shown below contains contents of different 

memory locations along with their addresses.  

 

Memory address is also divided into three parts; tag, index and byte offset. Index bits 

are used to determine the cache line. A processor uses these bits to address higher 

order tag bits which are compared with the higher order address bits from the cache. 
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If it matches a hit occurs, otherwise the cache accesses the memory in the hierarchical 

structure. 

 

 

Tag      Index     Offset 
     Address 

  Index   Tag              Data 

= 

   Hit/Miss 

   Data 

   Cache Line 

Figure 11.  Block Diagram of Cache  

 

5.4 Cache Sizing and Associativity 

Cache is supported in direct mapped, set-associative or fully associative organizations, 

depending upon whether the block can be placed in only one location, a set of 

locations or anywhere in a cache. As mentioned earlier cache is a major source of 

power dissipation in embedded microprocessors. Associativity greatly affects the 

system’s energy, direct mapped cache uses less power than set associative cache since 

only one tag and data array are accessed in one cycle. In this section we are going to 
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look at different cache organizations. 

 

Direct mapped cache is the simplest cache organization, which requires only one 

comparator for matching the address requested by the processor. Since the data from 

the main memory can only be mapped to one location in the cache, direct mapped 

cache has a low hit rate. Set associative cache is the most commonly used cache in 

modern microprocessors. N-way set associative cache allows the block to be placed 

anywhere in a set of ‘n’ ways. Increase in associativity increases the hit rate by 

increasing the number of blocks and also comparators. A delay is caused because of 

comparison and selection of sets and blocks.  Fully associative cache, also known as 

CAM (Content Address Memory) allows any main memory location to be mapped to 

the cache. In order to find a block in a fully associative cache, all memory location 

must be searched. To make this search practical, a fully associative cache checks all 

the tag addresses against the memory block address in parallel. Since comparator is 

associated to each cache line this architecture significantly increases the hardware 

cost [39].  

 

Since set associative cache is the most frequently used cache organization in modern 

high performance processors and multi core technologies, we will analyze it in detail 

and use it as an example to explain our newly proposed architecture. The Figure 12 

below shows 8 way set associative cache. In the Figure 12,  the structural 

configuration of a 264KB conventional single-port 8-way cache memory is illustrated. 

Eight way set associative cache divides memory into 8 identical banks, that have the 
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same set location. Tag comparisons from all banks are done simultaneously, if a hit 

occurs, the data is sent to output.   
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Figure 12.  A Cache Subsystem Organizations 

 
 

5.5 SRAM Partitioning 

Delay and power of SRAM have been reduced over the years via innovations in the 

array organization and circuit design.  Traditionally, to achieve high performance a 
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large RAM arrays is divid S ed into sub-blocks, this approach not only reduces both 

ccess results in m tag comparison and the discharge of m data words. In case of a hit 

Bit-line pre-charging and discharging is one of the major sources of power dissipation 

in a conventional cache. To achieve low power dissipation, cache memory is divided 

 components in 

 is introduced when all bit line in a bank are 

precharged high before any memory operation is performed.   

the bit-line and word-line capacitances, but also reduce power by enabling only a 

small portion (single way) of cache [30].   High performances SRAMs can have up to 

16 sub-arrays, while low power memory typically has only one [30]. Each sub-array 

can be thought of as independent RAMs, except some sharing of parts of the decoder.  

 

Set associative cache has been implemented in most of the modern microprocessors 

[28].  In an m way set associative cache, there are m tags and m ways, each cache 

a

data from one of the discharged word-line is driven into CPU.  Figure 13 shows a two 

way set associative cache that requires two comparators and 2-to-1 multiplexor. The 

comparator determines which element of the selected set matches the tag. The out put 

of the comparator is used to select the data from the multiplexer. 

 

5.6 High-Performance Memories Timing and Delay Analysis 

into banks and sub-banks.  Modeled after CACTI [23, 30], delay

conventional memories are as follows:  

 

• Sub-array address decoding incurs delay. 

• Bit line pre-charge delay
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• Word-line delay is due to long word-lines selection and long word-line 

• ls down 

mory 

where bit line pre-charge is done first. Memory access time spans from the time 

necessary to select the SRAM cell to the time until a valid date is received after 

going high. 

Bit line delay is introduced after word line goes high and pul

one of the bit line, that determines the value stored in the cell (bit line 

delay).  

 

Tag        Index      Offset 

 

Figure 13.  Conventional Single-Port 2-Way Set-Associative Cache 

 
Figure 14 shows the timing diagram of a conventional high performance me

discharging the bit lines. After a read and write operation, the voltage on the bit-lines 

  Index   Tag              Data 

   Hit/Miss
  Data 

Compare Select 

=

 Index   Tag              Data 

= 

 42



must be equalized by pre-charging to the processor’s supply voltage. To minimize 

delays, memory pre-charging is overlapped with address decoding and output drive 

[62].  

 

Figure 14. SRAM Memory Operation 
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5.7 Performance and Delay Analysis of Cache Using Sub-Banking  

Selective precharging, i.e. pre-charging only the sub array that contains data, is 

frequently used to reduce power dissipation in large on-chip  memories. Bit lines pre-

e 

performed. In order to save bit line energy further, only sub-arrays that contain the 

desired data are precharged. Part of the memory address is decoded to identify the 

sub-array.  The delay introduced due to partial address decoding is identified as (T ). 

In these memories, first the address is provided then a bank is selected, followed by 

pre-charging and finally the necessary operation is performed. When there is no cache 

access all bit lines are isolated from the supply voltage.   

Address setup time (T ) is  

(T ) ≥ (T ) + (T ) 

 

 

Figure 15.  Memory Operation of SRAM With Sub-Banking 
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TWC: Write cycle time  

TBA:  Bank address setup time  

TAS:  Address setup time  

TDW: Data valid to write End 

TDP: Valid data hold time 

 

Summary 

This chapter discussed detail implementation of a conventional SRAM array. Various 

SRAM architectures have previously been proposed to improve efficiency of cache. 

Cache sizing, l. Taking set 

xample, we presented timing analysis of high performance 

r ve precharging to reduce power dissipation. Delay 

on sis of conventional SRAM operation are also presented 

nd constraints of set associative cache in detail were 

o propose dynamically configured memory presented in 

e next chapter.  

addressing and associativity are discussed in detai

associative cache as an e

memo y with and without selecti

comp ents and timing analy

in detail. Various parameters a

explored as they are related t

th
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Chapter 6 Dynamically Configured Memory 
 

 

Introduction 

Multi-processors on single chip (CMP) and Simultaneous Multi-threading (SMT) 

have pushed memory performance to its maximum limit. Current trends lead toward 

using hardwired multi-port cache architecture, which employs dedicated word and bit 

line for each port and thus increases area overhead and power dissipation. In this 

chapter, we are presenting a newly developed dual-port memory architecture, which 

employs a technique that dynamically partitions a memory into two virtually 

independent sections. This technique allows dual-port accesses without duplicating 

the word and bit lines for the second port, hence, maximizing silicon area utilization. 

 

6.1 Dynamically Configured Memory Architecture 

Our investigation shows that a hardwired dual-port memory can be implemented 

without duplicating the word and bit lines. Newly proposed Dynamic Memory 

Partition (DMP) technique uses isolation nodes to partition a cache memory block 

into two virtually independent sections based on real-time access addresses of 
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multiple ports. The isolation nodes, controlled by the isolation control lines are 

interconnect switches which are placed on the bit lines between the access transistors 

on neighboring word lines. 

 

 

Figure 16.  Placement of Isolation Nodes and Control Lines 

 

 Figure 16 shows placement of Isolation Control line (ICL) and isolation node on 

each of the bit lines to divide an SRAM block into the upper and lower sections, 

which are to be accessed by the upper and lower ports, respectively. When all 

isolation nodes are ON, both the upper and lower ports share the bit lines from each 

Isolation 
Nodes 

WL (i+1)

Upper Port 

Lower Port 

WL (i)

ICL (i)
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end to access the same memory cells. With this new dual-port configuration, 

identification and setting of the isolation control line for dynamic partitioning (DP) 

must be carried out before accessing selected memory cells by dual-port memory 

operations. Figure 17 presents a delay analysis using a small circuit block to compare 

the addresses and calculate ICL delay. DMP operations are carried out in parallel with 

address setup and bit line pre-charge phases. There is no overall operation delay due 

to DMP.  

 

 

Figure 17.  Memory Operation Timing with DMP 
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TDP:  Valid data 

TICL:   ICL identification time   

TP:      Pre-charge time 

 

In conventional high speed memories where all memory banks are pre-charged before 

any operation is performed, dynamic configuration of memory introduces delay. The 

only DP delay overhead is the setting of the isolation nodes of the selected isolation 

ne. A detailed timing analysis of this will be presented later in this chapter. The use 

of isolation nodes would appear to increase the silicon area. In reality, this increase is 

insignificant, since silicon area used by memory is dominated by word and bit lines.   

Compared with the hardwired dual-port SRAM cell as shown in Figure 2, DMP can 

provide dual-port accesses without the need of the second pair of bit lines and 

effectively reduce leakage current, bit line latency and silicon area. Figure 18 shows a 

block diagram of newly proposed dual-port memory architecture. 

 

6.2 Isolation Node Placement 

The key challenge while designing dynamically configured multi-port memory is to 

design a mechanism that not only partitions the memory without incurring delay but 

also reduces power  segmented bit line 

pproaches to reduce leakage current have been discussed earlier in chapter 3. We 

ne egmentation earlier presented by Rao et. al. [31] and 

-port access. Rao et. al. [31] proposed bit line segmentation by 

t line. Their approach showed that, bit lines segmented 

li

dissipation and area overhead. Hierarchical and

a

extended this idea of bit li  s

used it to provide dual

placing transmission gate on bi
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by 8 isolation nodes pose no significant performance degradation. With DMP, the 

is of strategic importance. Placing isolation nodes 

 lines provides the most flexibility for DMP, but, would be an 

verkill, if the applications at hand do not need to utilize such fine-grain DMP 

placement of isolation nodes 

between adjacent word

o

capability. In principle, isolation nodes are placed for every n word lines, where n is 

determined based on the statistical patterns of access addresses of targeted 

applications. 

 

 

Figure 18.  Block Diagram of Dual-Port Memory with Dynamic Partitioning 
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Figure 19 depicts the placement of ICLs and isolation nodes on a bit line pair. The bit 

lines access cells on 512 word lines, which are divided into 8 groups, each containing 

8 sub-groups. Each group contains a dedicated local sense amplifier block and a pre-

charge block. An ICL and two isolation nodes are placed between sub-groups, each 

containing cells on 8 word lines. When an ICL turns its isolation nodes OFF, the 

upper and lower ports can access desired cells from different sub-groups. 
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Figure 19.  ICL and Isolation Nodes Placement 

 

Each group’s local sense amplifiers ensure that the group’s bit line section accesses 

cells on 64 word lines separated by 8 isolation nodes which do not impose significant 

latency [31]. 
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Figure 20 shows the horizontal view of a set-associative cache subsystem integrated 

with DMP for multi-port accesses. Compared with conventional memories, that allow 

only one set to be connected to the BLP during memory operation, placement of 

isolation nodes allows two sets to access bit line pairs. During memory operations, 

tags of all blocks in selected sets are compared with tags in the incoming addresses to 

determine if it is a hit.  

 

 

 

Figure 20.  Structural Configuration of Dual-Port Cache Architecture 

the structural configuration converting a conventional single-port 8-way 

ache memory into a dual-port cache with DMP without adding the bit lines for the 

second port. 
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Figure 21.  A Cache Subsystem with DMP 
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For example, a READ and WRITE operations via Ports X and Y to the same cells, 

ay take place simultaneously. When this occurs, existing (hardwired) multi-port 

memory access conflict resolutions may require the READ-WRITE-READ sequence 

to be executed to ensure data integrity. With DMP, all existing multi-port memory 

access conflict resolutions still apply and no changes to these protocols are necessary. 

 

6.3 Dynamically Configured Cache Addressing 

Reconfigurable cache allows on-chip cache to be dynamically partitioned and reused 

for other processing activities. One challenge in designing reconfigurable cache is to 

dividing the memory in two virtual banks and efficiently addressing these banks. 

Figure 21 presents a block diagram for the organization of dynamically configured 

cache. The dynamically configured cache has the advantage of being simple and 

similar to the current cache organization and the mechanism of addressing does not 

need to be changed.  Addressing scheme does not have to change since the 

functionality of the index, tag and offset bits remains the same.  Critical issue of 

policy, for when to reconfigure is presented in the next section.   

 

6.4 Dynamic Memory Partitioning Algorithm 

Optimal cache partition but also reduces delay 

nd minimizes power dissipation. Efficiency of dynamically partitioned algorithm is 

m

ing not only provides dual-port access 

a

determined by three factors, delay, and power dissipation. Two generic DMP 

algorithms are developed: 

 55



Tag  Index      Block Offset  
Tag   Index      Block Offset  

  Index   Tag              Data 

  Index   Tag              Data 

Compare Select

 

 

6.4.1 Fine-Grain DMP-1 

upper port to access WL(j), while ILC(i-1) is turned off for 

the lower port to access WL(i), where j < i. This approach ensures shortest active bit 

Compare Select Dout

Dout

 

Algorithm DMP-1 provides the optimal partitioning algorithm that minimizes bit line 

latency and power dissipation, with which two ICLs are turned off during partitioning: 

ILC(j) is turned off for the 
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lines for both the upper and lower ports, hence minimizing latency and power 

dissipation.  

DMP-1 is pseudo-coded as follows: 

  addr (A) <1: n>; addr (B) <1: n>; 

  where addr (A) = i  > addr (B) = j; 

  if i = j +1 return ICL (j);  

       else return ICL (j) and ICL (i-1); 

 

after every memory reference. Figure 23 and 24 show generic DMP models before 
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Figure 23. Generic DMP Model 
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and after isolation nodes are setup. Since world line 5 and word line (n-2) are 

accessed by the accessed by two different processing elements the adjacent isolation 

nodes ICL(5) and ICL (n-3) were activated. Size of bit lines are reduced and 

ived by pre-charging and discharging only a 

fraction of the bit-line. 

 
 

significant energy saving was arch
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Figure 24.  Generic DMP Model with Two Isolation Nodes. 
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6.4.2 Course-Grain DMP-2 

In order to find optimal partitioning with minimum hardware overhead, we force 

partitioning to remain fixed for a maximum time period. When a previously selected 

isolation line can be used for a current configuration, no repartitioning is required. In 

coarse-grain DMP-2, an isolation node is placed on bit lines between every n word 

lines. DMP-2 minimizes the switching of isolation nodes by identifying whether or 

not a current partition can facilitate new accesses.  

 

 

Figure  25.  DMP with Single Isolation Node 
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WL (1) 
WL (2) 
WL (3) 
WL (4) 
WL (5) 
WL (6) 

WL (i-1) 
WL (i) 
WL (i+) 

WL (n-2) 
WL (n-1) 
WL (n) 

ICL(1)  
ICL(2) 
ICL(3)  

ICL(5) 

ICL (i-1) 

   PORTA 

ICL (i) 
ICL (i+1) 

ICL (n-3) 
ICL (n-2) 
ICL (n-1) 

ICL(4) 

    PORT B

 

 59



 

 addr (A)  <1:n>;   

 addr (B) <1:n>; 

   where addr (A) = i > addr (B) = j ; 

   k = current ICL; 

   if ( j ≤ k < i) return NULL (no new DMP); 

   else return  (j + (i-j)/2); 

 

Figure 25 shows course grain DMP model. On average, isolation node will be 

activated in the center and bit line pre-charge and leakage currents are reduced to half 

the value of typical hardwired multi-port memory. Shorter active bit lines also means 

less latency. 

 

6.5 Cell Structure 

Dynamically configured memory uses simple single-port memory cells with six 

transistors along with a bit line pair and a word line. Like conventional dual-port 

memories, it uses differential read and write. 

 

6.6 Advantages of Dynamically Configured Memory 

Dynamically configured memory uses significantly less real-estate than the 

conventional dual-po figured memory is 

esigned with external signals and an isolation node, two transistors and a pair of bit 

rt memories. Even if dynamically con

d
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lines are reduced per cell. Therefore, less interaction coupling charge is produced as 

the numbers of bit lines are reduced to half. 

 

6.7 Dynamic Memory Operations 

The proposed dynamically configured memory has all the functionalities of a 

conventional dual-port memory, at the same time it eliminates the need of redundant 

bit-lines. This will reduce the size of a conventional memory significantly. The reason 

behind this is that the data access ports are available at both ends of the bit line and 

the numbers of port are same as that of conventional dual-port memories. 

Dynamically configured memory operations have to be carefully defined. These are 

explained below. 

 

6.7.1 Read / Read on same Cell  

Present dual-port memory architecture requires redundant bit lines to read data at two 

different ports. In these memories, during a read operation from the same cell, two 

word lines corresponding to the same address are turned high in succession, while 

selecting a given row of the cell. Analyzing dual-port transistor of fig 2 we can see 

that if a read operation is performed on the same cell same charge will be present on 

and True Bit both bit lines, if a 0 is stored in the cell both bit lines True Bit Line 0 

Line 1 will discharge using  T5 and T6 as transfer devices. 

 

Dynamically configured memory uses the same rail to read data at two different ports. 
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No isolation circuit and additional hardware is required while data is being read 

simultaneously. Beta ratio is critical as in the case of traditional dual-port memories. 

 two ports are accessing the same cell at the same time, the cell should be capable of 

sinking at twice the speed of conventional single-port memory. Like the conventional 

two port memories, the stability of the cell is much trickier. 

 

ike pseudo multi-port memories, dynamically configured memory 

lso has to use different clock for both ports. This clock can be generated within the 

memory with the first clock, the first operation is performed. Only after this operation 

is completed, can the second operation be performed. These operations will be 

performed exactly as in a traditional memory.  

 

n can be performed on a 

ngle cell in one clock cycle. If two write operations are performed, then the 

If

6.7.2 Read / Write on same Cell  

Simultaneous read and write on the same cell is typically similar to that of 

conventional multi-port memory. Dynamically configured memory also has to follow 

the same legal operations defined for conventional multi-port memory cell, isolation 

is not required. L

a

6.7.3 Write / Write on same Cells 

This operation is also the same as that in conventional dual-port memories. Isolation 

node does not need to be activated during write operation on the same cell. It is 

critical in dynamic memories that only one write operatio

si

legitimacy of data cannot be guaranteed. 
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6.7.4 Operations on Two Different Cells 

Conventional dual-port memory cells use extra pair of transistors, a pair of bit lines 

and a word line to allow simultaneous accesses within one clock cycle. If the 

operations are performed on two different columns, then redundant hardware do not 

play any role and only one bit line or compliment bit line is activated during this 

peration. Statistically, most of the operations in dual-port memory are performed on 

is not utilized during these operations. 

In the proposed dynamically configured memory architecture, we do not need extra 

hardware to ensure multitasking. Before performing any two simultaneous operations 

on two different cells in a block, the isolation circuit is activated and dynamically 

configured memory is divided into virtual memory blocks (Fig 15). Once isolation is 

active, all operations on each block are similar to those on conventional two port 

memories. 

 

ured Cache 

ynamically configured cache provides dual/multi-port access by bit line 

cess, this architecture can significantly 

reduce power dissipation depending upon whether the isolation node is activated 

before or after bit lines are pre-charged. Pre-charging bit line after sub-array selection 

can significantly reduce power dissipation. However, on the downside this will 

degrade the performance of cache memory. In addition to this delay, an additional 

delay is also incurred due to isolation node setup. This can be minimized by 

overlapping with banks and bit line pre charging. In the rest of this section we will 

o

different columns, thus redundant hardware 

6.8 Delay Analysis of Dynamically Config

D

segmentation.  In addition to multi-port ac
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investigate timing analysis and operations of dynamically configured memories. 

In conventional high speed memories, all memory banks are pre-charged before any 

operation is performed. Dynamically configured memories introduce isolation nodes 

and thus an additional isolation node setup time (TNS). Isolation node setup time (TNS) 

is a partial address decoders’ delay.  

 

An additional delay of ∆T is introduced before any address logic is applied to SRAM. 

This is to make sure that isolation is performed before any other operation in the 

memory. This approach does provide dual-port access but does not save power by 

selective sub-array selection. Timing components follow: 

 

 

Figure 26. Memory Operation Timing with DMP 
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TCW:  Chip enables to end of write 

∆T: Induced delay before memory operations 

T :  Write pulse width 

TWR: Write recovery time  

 

 techniques reduce powers dissipation by 

recharging only sub-bank that contains the desired data. In addition to bank selection 

TP + TBA +∆T < TICL 

TAS = TNS 

Where, TBA is a small 1-3 bit address decoding delay.  

WP  

6.8.2 Precharging required Array or Bank 

As mentioned above, sub-banking

p

delay (TBA), bit line precharging time (TP) also incurs a delay. Since isolation control 

line setup time (TICL) is smaller then pre-charge time (Tp) and overlaps bank selection 

delay (TBA), introduction of isolation node should not affect performance of 

conventional memories that uses selective precharging.  
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TOC 

 

Figure 27.  Dynamically Configured SRAM with Bank Pre-charging 
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6.8.3 Pre-charge Sub-Array after Isolation Node is Setup 

We can further reduce power dissipation if we pre-charge our circuit after isolation 

node is setup. Moreover, we can reduce energy dissipation by pre-charging only the 

part of the sub-bank. Also, performance enhancement can be achieved by reducing bit 

line delays. 
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Figure 28.  Partial Sub-Array Precharging 
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ich is followed by bit This setup introduces a delay due to isolation node setup, wh
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TAS = TNS + TP 

TNS ≥ TBA 

TDP 

BS 

ISP 

Address 

   TP 

TNS 

TOC 

Pre-charge 

∆T

 67



Summary 

Existing approaches presented in previous chapters have partitioned cache at the 

circuit and architectural level by enabling/disabling sub-banks from both the 

performance and energy viewpoints [1, 5]. In this chapter we proposed a dynamically 

configured cache that allows cache resizing by bit line segmentation. Proposed 

architecture is capable of providing multi-port access without duplicating bit lines. 

Dynamically configured cache memory uses isolation control lines (ICL) to allow on-

chip cache to be partitioned and accessed by multiple processors and threads at the 

same time.  

 

We also presented cache partitioning algorithm and reconfiguration policies for 

minimum bit line latency and power dissipation. Detailed timing analysis of memory 

operations in dynamically configured cache is also presented in this chapter.  
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 is extremely important to sustain accuracy across process generations; general 

s before 

fabrication.  A realistic device model enables the circuit designer to evaluate their 

circuits under realistic conditions [47]. In order to accurately predict characteristics of 

ano scale devices several physical effects have to be considered to model devices, 

accurately [48]. In this chapter we will present device model established using Zhao’s 

[48] method.  

 

7.1 Additional Device Modeling 

As device scales down below 100 nm, several physical factors become significant. 

Such factors had little or no effect on previous performance [48].  Accurate MOSFET 

modeling is extremely critical in determining the characteristics of devices and 

 

 

Chapter 7 Device Modeling 

 

Introduction 

It

process scaling rules tend to fail in nano meter regime.  Pre-silicon device modeling 

allows evaluation of circuits using simulators when fabrication is not economical. It is 

becoming critical in circuit design research to predict performance of device

n
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circuits. For our simulation purposes we have used predictive design model (PTM) 

developed by Zhao [48].   

Berkeley Model 4 (BSIM 4) has proven to be too simple to predict behavior of nano-

scale technologies. BSIM 4 ignored effect like quantum tunneling between the poly 

gate and inversion layer as oxide thickness redictive model 

ore physical parameters and provided a reasonable model for 

180 to 45nm technologies. Shrinking parameters like effective gate length Leff, oxide 

th, drain to source resistance Rds and voltage Vdd , 

o determine the characteristics of the devices. These ten parameters 

clude technology parameters, process parameters and also physical parameters [50].  

xtremely important in developing a reasonably 

 

s 

is decreased. Berkeley’s p

(BPTM) considered m

thickness Tox, threshold voltage V

while keeping other parameter unchanged,  has  proven to be ineffective and error 

prone in nano meter regime [48,49]. As an example, scaling Vth not only requires the 

change of channel doping but also impacts physical parameters such as mobility μo 

and saturation velocity Vsat. Predictive model developed in [48] overcame these 

limitation and refined Berkeley predictive models [39] developed earlier. The 

accuracy of PTM has been verified, for Ion, it shows an error of less then 10%.  

 

Out of more than 100 parameters in compact transistor model, only about ten are used 

by the PTM t

in

Accurate modeling of these values is e

accurate SPICE model.   Based on the data collected by literature, survey and from 

published industry data presented by Zhao [48], quantum tunneling ETO scaling pace 

is slowing down over last few years. Vdd is scaling much sharper then Vth, which 
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remains almost constant to avoid increase in sub-threshold leakage current.. Nch is 

carefully evaluated in PTM, as it affects both the carrier mobility and saturation 

elocity Vsat of devices. Simulation model follows. 

7.2 Simulation Model 

We have used BSIM Predictive Technology Model [48] to calculate resistance and 

capacitance of MOS devices.  Bit line delay, wire resistance and capacitance is an 

increasing source of concern in sub-micron cache design [51]. 

 

v

 

7.2.1 Wire Capacitance and Resistance  

Wire capacitance is calculated according to formula presented by [61].  

fringeC
WT

WTCw +
+

=
2][21[.2 εε

                                    (8) 

Where εd is the dielectric constant, εo is the permittivity of free space. Cfringe

od

 is the 

inging capacitance. As presented in [61] we assumed it to be equal to 0.04fF/μm in fr

all technology nodes.  

 

Wire resistnce is calculated by formula : 

WT
Rw ρ

=                                                               (9) 

 

where ρ is resisotivity of copper and W and T are width and thickness respectively. 
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For simulation purpose we use Rw and Cw, as presented in Table 1 by [61].  

 

Table 1. Wire Capacitance and Resistance as technology scales from 130 to 32nm 

 

rlier stages of 

design, we used a stick diagram and calculated the length of the wire to be 60λ per 

memory cell. Width of wire is set at λ per cell.   Figure 29 shows calculated and 

Technology Rw [Ώ/μm] Cw[fF/μm] 
 
 

 130nm  0.06 0.3

 

 

 

90 nm  0.12 0.22

65 nm  0.2 0.2

45 nm  0.44 0.2

 32 nm  0.73 0.2

 

Though it is difficult to predict length and width of the wires in the ea

predicted wire resistance for a group of eight cells as technology scales down from 

90nm to 32nm.  
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Figure 29.  Bit line Resistance as Technology Scales Down 

 is to reduce bit line capacitance and resistance by wire resizing [40, 

41].  

 

7.2.2 MOS Device Modeling  

The effective capacitance and resistance of MOS device can be calculated using 

BSIM predictive model.  We used customized predictive model files available at 

http://www.eas.asu.edu/~ptm

 

The key observation from figure 29 is that resistivity of wire will increase 

significantly as technology shrinks. While new and less resistive materials such as 

carbon nano tubes are being studied to replace copper wire, it is going to take more 

time before actual devices based on these studies become available. An alternate 

popular approach

 [60] to determine device parameters. Major device 
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parameters have been extracted from PTM published data [48], and are presented in 

table 2. 

Table 2. Device parameters extracted from PTM 
 

Tech. node (nm)  32 45 65 90 

Vdd (V)  0.9 1 1.1 1.2 

Toxe (nm)  1.65 1.75 1.85 2.05 

Leff (nm)  12.6 17.5 24.5 35 

Vth (V)  0.295 0.292 0.289 0.284 

Rdsw (Ω/μm)  150 155 160 170 

 

ource/drain parasitic resistance (Rdsw) is crucial for accurate prediction of device 
 
S

performance [48, 50]. PTM use I_V curve in linier region to extract values of Rdsw. 

Figure 30 shows the wire resistance trends evaluated from [48, 60] as technology 

scales down from 32nm to 90nm. 
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BSIM 4 [24] models parasitic resistance as: 

Figure 30.  Rdsw Trend as Technology Scales-Down form 90nm to 32nm 
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              (10) 

 

Where Rdsw is the resistance per unit width, Wr is a fitting parameter, Prwb and 

Prwg are the body bias and the gate bias coefficients, respectively. Using BSIM 

predictive model, we extracted parameters of equation 10 and calculated channel 

resistance of NMOS and PMOS devices and transmission gates that are used as 

isolation nodes.  
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Table 3. MOS Device Resistance 
 

Tech 

(nm) 

R-NMOS R-PMOS 

(Ohms) (Ohms) 

R-Tgate 

(Ohms) 

32 33.75 58.5 21.33 

45 36.25 43 19.66 

65 41 31 17.65 

90 45 25 16.7 

 

Figure 31 shows transmission gate and MOS devices resistance generated with the 

BSIM Predictive Technology Model [48]. As technology scales down, device 

resistance decreases and the delay due to isolations nodes is likely to become smaller. 
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Figure 31.  Technology Scaling Impact on MOS Devices and Transmission Gate Resistance 
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Figure 32.  MOSFET Capacitive Model 

 

The gate capacitance of a transistor consists of 2 components, the parasitic 

capacitance between gate and source and parasitic overlap capacitance.  

The value of capacitance depends on whether the transistor is operating in cutoff, 

resistive or saturation mode. The geometry of transistor also affects the capacitance of 

devices. Detailed equations for estimating the drain and gate capacitances of 

transistors in different scenarios are adapted from [53], and are given below:- 

CGS  = CGCS + CGSO ;  

CGD =  CGCS + CGDO ; 

In saturation mode CGCS  =  CGCS  = 2/3 Cox WL. From [60] and using the prodictive 

m

T pass transistors and isolat

d in [53] given in Figure 32.  

ion nodes we used sim

odel presente

Cgs 

 

odel, we calculated the capacitance of MOS devices presented in table 4 below : 

Cgb

Csb Cdb

S       D 

     G 

Cgd
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Table 4.  Capacitance of MOS Devices in Sub-Micron Regime 
 

Tech Leff Tox 

(nm) cgdo (nm) (nm) CG-NMOS CGD CG-PMOS 

32 8.50E-11 12.6 1 47.7E-18 8.50E-11 95.5 E-18 

45 1.10E-10 17.5 1.1 84.8E-18 1.10E-10 169.6 E-18 

65 1.50E-10 24.5 1.2 160E-18 1.50E-10 320 E-18 

90 1.90E-10 35 1.4 300E-18 1.52 E-16 600 E-18 

 

From Table 4 and figure 31, we observe that as technology scales down, MOS device 

parasitic capacitance and resistance decreases.  The delay due to isolations nodes will 

become smaller. 

 
 

 

Figure 33. RC Model of Active Bit line with Isolation Node 
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Fig. 33 shows h DMP. The 

o  node (implemented as a transm odeled by RT and 2 CT. With 

Wn/  technology, we calculated the capacitance and resistance 

for the transm ulation purpose  

replaced with equivalent RO O. CL tal load c e loca

amplifier structure. 

 

Summary 

ict characteristics of nano-scale devices.  In this chapter we used the 

redictive technology model (PTM) to characterize SRAM in submicron regime.   

PTM is used to calculate resistance and capacitance of MOS devices as technology 

scales from 90nm to 32nm.  Bit line delay, wire resistance and capacitance are also 

calculated using BSIM and PTM models.   

 

 

 the circuit simulation model for the active bit lines wit

is lation

Wp =0.5, using 90nm

ission gate) is m

ission gate. For sim , the drive inverter of SRAM cell is

 and C  is the to  capa itance of th l sense 

As we delve deeper into the sub-micron region, the trend of using a large on-chip 

cache and logic is increasing.  Accurate pre-silicon device modeling is extremely 

important to pred

p
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Chapter 8 Analytical and Simulation Results of DMP 
Implementation 

 

Compared with conventional memory architecture, newly proposed dynamically 

configured cache reduce bit line pre-charge and leakage currents to half the value of 

typical hardwired multi-port memory. Area is reduced to half and shorter active bit 

lines means less latency. The individual areas where improvement has been achieved 

are described as follows. 

 

Power dissipation: Major design objective in today’s chip design has become the 

reduction in power dissipation rather than an increase in performance in large scale 

systems [45].  Cache memory often accounts for a large part of the total system power 

dissipation. This happens as the bit lines remain pre-charged even when not accessed. 

The proposed architecture reduces leakage power by using bit line isolation and 

selective pre-charging. Dynamically configured memory not only reduces leakage 

current by eliminating pass transistors in hardwired multi-port memory, but also 

 

 80



reduces the bit line leakage power by eliminating bit lines pair.  

                       (11) 

or a memory core with N rows and M columns the leakage current is reduced to less 

than half the value of hardwired dual-port memories. Equations 11 and 12 show 

leakage current in conventiona onfigured dual-port memories 

spectively.  
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Area:   Since the silicon area (or foot print) of multi-port cache memory is 

dominated by word and bit lines [5], reducing the number of bit lines can reduce the 

licon area. For multi-port cache memory, the proposed DMP reduces the number of si

bit-lines to half, thus reducing the silicon area significantly.    

 

Delay analysis:     A memory simulation model with DMP is presented in Figure 33. 

Each delay component is estimated individually and then combined into a form that 

calculates access time.  Using 90nm technology data we estimated bit line delay by 

calculating resistance and capacitance in the drive circuit, wires, transmission gate 

and load. Cadence SPECTRE is used as simulation tool, resistance and capacitance 
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per cell is calculated to be 0.36 Ω and 0.6675 fF, respectively. Capacitance of pass 

ansistor in cutoff mode is calculated to be 76 fF. Transmission gate resistance RT 

and two ground capacitances CT are calculated to be 39.2 Ω and 376 fF, respectively.     

 

tr

 

Figure 34. Bit line Delay With/Without Isolation Nodes 

 

Figure 34 compares the bit line delay in a 64 word-line block, with and without 

ion node separates an 8 word-line sub-block from another. 

In the worst case scenario, the simultaneous access addresses are near either the top 

other), the delay of the longer active bit line is increased by about 200 ps compared to 

the hardwired bit line without the isolation nodes. When accesses are facilitated with 

a DMP in the center of the bit lines, the delay of the active bit lines for each section is 

isolation nodes. Each isolat

or the bottom of a cache block (hence one active bit line is much longer than the 
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about 6% more then that of the traditional dual-port hardwired memory. 

 

Delay analysis using DMP-1: Fine grain DMP partitioning not only provides dual-

port access but also reduces delay and minimizes power dissipation by keeping active 

bit lines as small as possible. Simulation results of DMP-1 using eight isolation nodes 

on 64 word-line blocks are shown below: 

 

 

Figure 35.  Delay Analysis with DMP-1 
 

Compared with traditional memories, the proposed architecture access time is 40ps 

smaller. Thus a gain of approximately 7% is achieved by the newly proposed 
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architecture.  

 

Delay analysis using DMP-2: Course grain DMP partitioning uses only one isolation 

node.  To keep the overhead to a minimum, we force partitioning to remain fixed for 

a maximum time period. When a previously selected isolation line can be used for a 

current configuration, no repartitioning is required. 

 

 

Figure 36.  Delay Analysis with DMP-2 

 

igure 36 shows simulation results of course grain DMP algorithm. Compared with F

traditional memories, the proposed architecture access time is 60ps larger. This 

algorithm results in approximately 9% performance degradation.  
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Combined with local sense amplifiers and port multiplexing, the proposed DMP can 

support efficient multi-port cache architecture to reduce silicon footprint, wiring 

contention, power dissipation and bit line latency. 
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Chapter 9 Conclusion 
 
 
We have proposed an area and energy-efficient multi-port memory architecture. It 

employs new DMP techniques, which uses isolation nodes and control lines to 

dynamically partition the bit-lines of a memory block into virtually-isolated sections, 

so that they can be accessed simultaneously and independently. Compared to the 

classic hardwired multi-port memory architecture, the new DMP reduces the area of 

the memory to almost half, consequently reducing power dissipation. It facilitates 

efficient designs with no significant impact on the timing of memory operations. It 

reduces the use of silicon area largely due to the elimination of additional bit lines.  

 

One of the advantages of the proposed architecture is its ability to provide dual-port 

support without duplicating word and bit lines for the second port. The DMP concept 

can be applied to multi-port cache designs as well. A second advantage is the 

reduction of bit line precharge/leakage currents. DMP makes effective bit lines 

shorter that those in the conventional hardwired dual/multi-port memory and 

therefore, require less energy to keep the bit lines from being highly charged. As a 

result of the shorter bit lines, latency is also reduced, which is also facilitated by the 
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use of local sense amplifiers for each group. A third advantage is that, due to the 

elimination of the dedicated word and bit lines for the second and additional ports, the 

entire cache block uses less silicon resources with smaller foot prints, which also 

reduces interconnect routing contentions due to less complex wiring.     
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