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Dynamic CMOS circuits are commonly used in high-performance memory 

arrays to implement wide-NOR logic functions for their read and search operations. 

This is because dynamic circuits have significantly higher speed and lower area 

compared to static circuits for performing similar operations. Register File (RF) arrays 

are located at the top of the memory hierarchy for microprocessors providing the 

fastest data access. Reading data from RF arrays involves selection of data from 

memory cells based on input addresses, which is equivalent to the logical operation 

performed by wide-NOR gates. Content Addressable Memory (CAM) arrays are 

essential for high-performance comparison of an input data against a set of stored data. 

The hit or miss information from each memory cell is combined in wide-NOR gate 

like structures to generate the final miss or match information of the whole input 

search string. 

The advantages of higher performance and lower area of dynamic circuits come 

at a cost of higher power and lower noise robustness compared to static circuits. With 

the advancement of process technology scaling, there is a trend of increase in leakage 

current which impacts both the power consumption and noise immunity. This 

dissertation presents design approaches to improve power consumption of high-

performance RF and CAM arrays while maintaining their noise immunity. 



 

 

The characteristics of an RF array depend on its bit-line organization. This 

dissertation investigates several bit-line arrangements with the same noise robustness 

and their impact on power and performance. The read evaluation circuits of traditional 

RF arrays are implemented with NMOS-device based domino gates where NMOS 

devices are used for evaluating dynamic nodes. An RF array with PMOS-device based 

domino gates is proposed, where the read evaluation is performed with PMOS devices 

instead of NMOS devices.  

To improve power of RF based CAM arrays, an 11-transitor CAM cell is 

proposed. Its read/write operations are independent of the stored and/or search data 

and the cell stability is independent of its read operation. A low-power Ternary 

Content Addressable Memory (TCAM) array using 16-transistor core memory cells is 

presented for network applications. It uses the same bit-lines for both read and search 

operations.  
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Low-power Dynamic CMOS Circuits in High-performance 

Memory Arrays 

 

1 Introduction 

There has been a phenomenal growth in high-speed Internet networks, 

accompanied with an increasing demand in the usage of different types of mobile or 

handheld electronic devices, such as laptops and cell phones. A mesh of network 

routers is used for processing and communicating information through the Internet. 

Microprocessors are the main functional units behind the majority of the mobile 

devices. High-performance memory arrays are integral components of network routers 

and microprocessors. Register File (RF) arrays are located at the top of the memory 

hierarchy of microprocessors, as they directly communicate with the CPU execution 

units. Reading data from RF arrays involves the selection of memory cells based on 

specific input addresses. This is equivalent to the logical operations performed by 

wide-NOR gates. Network routers employ Content Addressable Memory (CAM) 

arrays for implementing their high speed routing table lookup operations. High-

performance CAM arrays operate at a single cycle throughput by comparing an input 

data with a set of stored data. The hit or miss information of each input bit with the 

stored data in each memory cell is combined in wide-NOR gate like structures to 

generate the final miss or match information of the whole input search string.  

Since the implementation of wide-NOR logical functions with dynamic CMOS 

circuits provides significantly higher speed of operation and lower area compared to 

static CMOS circuits, dynamic circuits are commonly used in these memory arrays. 

The advantages of higher performance and lower area of dynamic circuits come at a 

cost of higher power and lower noise robustness compared to static circuits. As 

process technology continues to scale following Moore’s law, there is a trend of 

increase in leakage current which impacts both the power consumption and noise 

immunity. In this introductory chapter, the motivations for low-power design of 

dynamic circuits used in high-performance memory arrays are first depicted. The 

major components of total power dissipation are then described. Next, the principle of 
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operations of static and dynamic circuit styles is described in detail. Since dynamic 

circuits are much more noise sensitive than static circuits, a description of major 

sources of noise in dynamic circuits is given. Introduction to the principle of operation 

of RF and CAM arrays is followed by the description of the thesis organization. 

1.1 Motivations 

For implementing wide-NOR structures as required by the read or search 

operations in high-performance memory arrays such as RF and CAM arrays, either 

static or dynamic circuit style can be used. In these high-performance arrays, the 

frequency of operation and area required to implement these structures are given 

higher priority over power consumption. Table 1.1 shows the comparison of a 64-

input NOR gate implemented in dynamic and static styles. The dynamic style uses 2-

stage standard domino gates. Each of the 8 domino gates in the first stage is used for 

combining 8 inputs; the outputs from 2 such domino gates are then fed into a static 

NAND gate. A 4-input domino gate in the second stage combines the outputs from 4 

static NAND gates to generate output for the total 64 inputs. For the static circuit style, 

a tree of complimentary static CMOS NAND-NOR gates is used. As seen from Table 

1.1, even though there is a significant saving in power from the static circuit style, 

there is an 81% degradation of performance. In addition, the total device width, which 

can be assumed to correlate to area, is 39% bigger in the case of static implementation. 

In order to save area and achieve higher performance in RF and CAM arrays, dynamic 

circuits are therefore commonly used to implement their read and search operations. 

  

Table 1.1. Comparison of static and dynamic circuits 

Circuit Style
Device 

Width

Leakage 

Power

Dynamic 

Power

Total 

Delay

Dynamic 1.00 1.00 1.00 1.00

Static 1.39 0.74 0.32 1.81  

 

In addition to higher power consumption, dynamic circuits also exhibit higher 

sensitivity to noise compared to static circuits. The noise robustness of dynamic 
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circuits is heavily dependent on the leakage current of the devices connected to the 

dynamic nodes. As the leakage current of transistors continues to rise with the scaling 

of semiconductor process technology, the leakage power component of the total power 

along with the noise immunity is getting worse. Hence, it is important to emphasize on 

advanced and alternate circuit design methods and techniques to reduce the power 

consumption in dynamic circuits used in high-performance memory arrays while 

maintaining their noise robustness.  

1.2 Components of Total Power Dissipation in CMOS Circuits 

One of the major design challenges in high-performance digital integrated 

circuits is the minimization of the total power dissipation. Total power consumption in 

digital CMOS circuits can be divided into three major components: a) dynamic or 

switching power, b) short-circuit power, and c) static or leakage power. Equation 1.1 

defines total power and its three components in a simplified form [1.1]. 
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Dynamic power is due to the power consumed in the charging and discharging 

of various devices and wire capacitances in the circuit. As seen from Equation 1.1, this 

component of power depends on the switching activity factor (the probability that a 

power consuming transition occurs) AF, clock frequency F, the capacitance C being 

charged or discharged and square of supply voltage Vcc. In long channel transistors, 

the dynamic power is the dominant component of the total power. However, this is not 

the case with advanced technologies because leakage power is also becoming a 

significant component of total power. 

Short-circuit power is dissipated when there are direct conducting paths between 

Vcc and ground (Vss). Since the signals input to the logic gates have a non-zero slope 
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or edge rate, there are direct path currents between Vcc and Vss for a period of time, 

during which both the PMOS and NMOS devices conduct simultaneously. The 

magnitude of these currents depends on the actual transistor widths and the on-state 

saturation current (IDSAT). The duration for which the direct currents flow is dependent 

on rise and fall times of the signals. The overall short-circuit power can be obtained by 

integrating the total current over the duration of short-circuit and then multiplying 

with Vcc. In a simplified form, it can be calculated as shown in Equation 1.1, where 

Trise  and Tfall are the rise and fall times, respectively and IPEAK is the peak of the short-

circuit current. 

Static or leakage power dissipation is due to the leakage current, ILEAKAGE that 

flows between the power rails in the absence of any switching activity. Three major 

sources of leakage current are: a) current flowing through reverse biased P-N junctions 

of the transistors located between the source or drain and substrate, b) subthreshold 

leakage current between source and drain when gate-source voltage, Vgs is smaller 

than the threshold voltage, Vt of the transistors, and c) gate leakage current via the 

gate tunneling mechanism [1.2]. 

Because of the quadratic dependence of dynamic power on Vcc, reducing this 

voltage is the most effective approach to minimize dynamic power dissipation [1.3]-

[1.6]. However, reducing the supply voltage necessitates the reduction of threshold 

voltage to avoid serious degradation of performance. Unfortunately, reducing the 

threshold voltage causes the sub-threshold leakage current to increase exponentially.  

1.3 Static CMOS Circuits 

In general, all the circuit styles used for implementing a given logic function 

with CMOS technology can be divided into two broad classes: static and dynamic. In 

static circuits at every point in time, each gate output is connected to either Vcc or Vss 

via a low-resistance path [1.7]. Other than the transient states during the switching 

period of the inputs, the outputs of the gates continue to maintain the values of the 

Boolean function implemented by the circuit. Complementary static CMOS circuits 

are the most commonly used static CMOS circuits. 
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Static CMOS gates consist of a combination of two networks: a) a pull-up 

network (PUN) of PMOS transistors connected between Vcc and the output of the gate 

and b) a pull-down network (PDN) of NMOS transistors between Vss and the output 

of the gate [1.7]. The PUN provides a connection between the output and Vcc anytime 

the output of the gate is meant to be high. Similarly, the PDN provides a connection 

between the output and Vss anytime the output of the logic gate is meant to be LOW. 

The devices in PUN and PDN networks are connected in a mutually exclusive way 

and there is no direct path current through the networks in steady state. In addition, 

since only one of the networks conducts in steady state, the output is always driven by 

either Vcc or Vss, resulting in high noise immunity. Figure 1.1 shows the diagram of a 

two-input NAND gate implemented in static CMOS circuit style. 

 

 

Figure 1.1. Two-input NAND gate in complementary static CMOS style 

 

1.4 Dynamic CMOS Circuits 

Dynamic CMOS circuits are based on the storage of charge on the capacitance 

of high-impedance circuit nodes. Domino gates are the most commonly used dynamic 

circuits. The circuit diagram of a simple domino gate acting as a buffer is shown in 

Figure 1.2. It has a dynamic stage shown with transistors P_PCH, N_EVAL and 

N_CLK_PDN, and a static stage shown with an inverter, Static_INV consisted of a 

PMOS and an NMOS device. In a chain of domino gates, a static CMOS gate is 

usually placed between 2 dynamic stages so that the second dynamic stage has a stable 

timing operation. During the period, when the clock signal CLK is low PMOS device 

P_PCH is turned ON and the output node OUT1 of the dynamic  part is  precharged to 
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OUT
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N1

CLK

A
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Figure 1.2. Simple domino gate acting as a buffer 

 

Vcc. This is called the “precharge clock phase”. During the “evaluate clock phase”, 

the clock signal CLK turns to high, making the PMOS precharge device to turn OFF, 

and if the logic input A is high at this time, the output node OUT1 will evaluate by 

discharging to ground. However, if input A is low, then OUT1 will maintain its 

precharged HIGH value, and at this phase, since OUT1 is not connected to either Vcc 

or ground, it is called a “dynamic” node. Until the next precharge clock phase, OUT1 

should hold its charge across the capacitance which is the total of the gate 

capacitances of the static inverter, the diffusion capacitances of the P_PCH and 

N_EVAL transistors, and the interconnect capacitance of the wire between the output 

of dynamic part and the input of the static inverter. Figure 1.3 shows the circuit 

diagram of a two-input domino AND gate, where the output node OUT evaluates to 

high when clock is high along with both the inputs. Here, the pull-down NMOS stack, 

consisted of 2 NMOS transistors (N_EVAL1 and N_EVAL2), is similar to the one 

used in standard static CMOS gates as in Figure 1.1. The speed advantage of domino 

logic gates over static CMOS gates comes from the fact that, in static CMOS gates, 

complementary functions are implemented by both the PMOS and NMOS transistors, 

while in domino logic gates, the whole PMOS stack is replaced by a single PMOS 

precharge transistor. So, for a logic gate with “N” number of inputs, there would be a 

total of 2*N transistors (including both PMOS and NMOS) in static CMOS gates, 

while there would be N+2 transistors in footed domino gates. For cases, where N is 

large, domino logic gates offer significantly higher speed and smaller area than static 

CMOS gates due  to  the reduction  in the number of  PMOS transistors. The switching 
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Figure 1.3. Two-input domino AND gate 

 

or tripping point of the output in domino gates is not at Vcc/2 as in static gates, but it 

is approximately at the threshold voltage of NMOS transistors in the evaluation path, 

resulting in a faster switching time. However, domino gates suffer from higher clock 

loading, as the clock signals are connected to two transistors (one for the precharge 

PMOS transistor and another for the evaluation NMOS transistor) in every domino 

gate. In addition, there would be significant switching power loss if the domino gates 

evaluate and precharge in every clock cycle. 

1.5 Noise Sources in Domino Gates 

Digital noise in domino logic circuits is defined as any phenomenon that causes 

the voltage at a non-switching node to deviate from its otherwise stable value of power 

supply or ground [1.8]. The deviated voltage value may or may not cause logic failure 

in the current node or in the next stage. Dynamic evaluation nodes are susceptible to 

noise, especially during the part of normal operation when they are not driven by 

either Vcc or Vss or, in other words, when they are disconnected from both Vcc and 

Vss. Noise margin problems can occur under certain input conditions when the output 

node of the dynamic part is supposed to stay high at its precharged value. Since the 

operation of the dynamic part of a domino gate is based on either discharging or 

holding the charge stored in the dynamic node capacitance, any unintended charge loss 

mechanism that can cause the voltage of the dynamic node to deviate from Vcc is a 
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source of noise. Noise sources that have substantial impact on the performance of 

domino logic circuits are: a) crosstalk noise due to capacitive coupling between 

neighboring interconnects, b) charge-sharing from dynamic node to internal nodes in 

the NMOS pull-down stack, and c) subthreshold leakage current via OFF transistors in 

the pull-down NMOS stack. In addition to the above noise sources, there could be 

propagated noise at the inputs to the NMOS devices coming from the previous stages 

and noise due to gate leakage current. Other possible noise sources are the power 

supply noise caused by switching of the gates [1.9] and the fluctuation in device 

parameters due to process variations [1.10]. Major noise sources that impact the 

design of the domino gates are described in the following sub-sections.  

1.5.1 Crosstalk Noise 

Crosstalk or capacitive coupling between interconnects carrying signals is the 

most common source of noise at the inputs of the domino gates. Potential aggressors 

could be the nets that run parallel to the nets connected to the input nodes in the same 

or different metal layer. Crosstalk between the inputs of a domino gate and 

neighboring signals can make the voltage at the input signals to rise above the 

threshold voltage, Vt of the pull-down NMOS devices and can cause a loss in the 

stored charge on the dynamic node if the crosstalk noise has sufficient  amplitude  and  

persists  for a sufficient  amount of time. Figure 1.4 shows the diagram  of  a two-input  
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Figure 1.4. Two-input domino OR gate 
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domino OR gate. If both the inputs are low during the evaluation phase, the dynamic 

node OUT1 will be at Vcc. If any one of these two inputs rises above the effective 

NMOS device threshold voltage Vt, then the corresponding NMOS pull-down devices 

will start conducting, causing the discharge of the stored charge on the capacitance of 

the dynamic node OUT1. The noise margin at the input of a domino gate is therefore 

equal to the threshold voltage of the NMOS device. The most common ways to reduce 

cross talk noise are power supply or ground shielding around attacked input signals, 

increased spacing from the signals causing interconnect noise, higher driver strength 

of the gates generating input signals, and lower drive strength of attacking or 

aggressing signals.  

Similar to the noise on the input signals, noise on the dynamic node at the output 

can also be generated by crosstalk. The aggressors can couple with and remove charge 

from the precharged node. This can cause the voltage level of the dynamic node to fall 

below the high noise margin of the static inverter and cause a logic failure in the 

downstream logic. Crosstalk noise is expected to become increasingly significant with 

the growing interconnect aspect ratios between height and width, which leads to a 

larger fraction of the wire capacitance being due to lateral coupling capacitance. 

1.5.2 Charge-sharing Noise 

Charge-sharing noise is produced by charge redistribution between a dynamic 

node and the internal nodes in the pull-down stack within the gate. The usual way 

[1.11]-[1.12] of estimating worst-case charge sharing is as follows: during the 

precharge phase, the uppermost devices of every NMOS pull-down stack are assumed 

to be OFF, so that only the capacitance at the dynamic node, C_OUT1 is charged. In 

the evaluation phase, the bottommost devices in the pull-down stack are configured to 

be OFF, and all devices above these in the pull-down stack are assumed to be ON. 

This causes the charge stored in the dynamic node to be distributed to C_OUT1 + C, 

where C is the sum of all internal node capacitances. Figure 1.5 shows a domino gate 

that implements the function of a three-input AND gate [1.13]. For worst-case charge 

sharing, if during precharge phase, input A  is in low state (B and C are at “don’t care” 
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Figure 1.5. Charge-sharing noise in domino gate 

 

state), then all the charge appears across capacitor C_OUT1 at the dynamic node, 

OUT1. Now, if input C is at low state, while the other two inputs A and B are at a high 

state during the evaluation phase, then since transistors N_EVAL1 and N_EVAL2 are 

ON, there will be a charge sharing between C_OUT1 and the internal capacitances C1 

and C2. This will cause the voltage at node OUT1 to degrade and, if it falls below high 

level input noise margin for the static inverter, a logic failure will happen. Charge 

sharing noise can be almost fully eliminated by precharging internal nodes using 

secondary PMOS transistors. In Figure 1.6, secondary precharge device, P_SEC_PCH 

is used for precharging internal capacitance C1 at node N1 to Vcc. Therefore, voltage 

at OUT1 is not degraded during evaluation phase and is held at high level. However, 

this method of reducing charge sharing results in an increase of gate delay of the 

falling edge because more capacitance has to be discharged. 

1.5.3 Charge Leakage 

During the evaluation phase, if the dynamic node is storing a logic high state, 

leakage current through the OFF pull-down NMOS transistors may cause the charge 

stored in that node to be lost. Therefore, the dynamic node may not be able to hold this 
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Figure 1.6. Use of additional precharge device to prevent charge sharing 

 

state for a long time. As the threshold voltage is scaled with the decreasing supply 

voltage in order to maintain speed performance, sub-threshold leakage current is 

becoming significantly higher. A feedback PMOS transistor P_KEEPER, as shown in 

Figure 1.7, is added to the dynamic node to replenish the charge lost due to leakage 

and to help the domino gate to operate at slow clock frequencies. However, as output 

OUT1 is high during the initial part of the evaluate phase, the feedback PMOS device 

P_KEEPER tries to keep node OUT1 at its high voltage stage. Now, if the inputs to 

the NMOS devices in  the pull-down stack are high, there will be a contention between 

 

 

Figure 1.7. Use of keeper device to reduce leakage noise 
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the keeper device and the pull-down stack at the beginning of the evaluation phase. 

Contention slows down the evaluation speed of the domino gates. Hence, the 

P_KEEPER is sized such that, during the evaluation phase, it can hold a high logic 

state in the presence of leakage, along with any noise at the input of the evaluation 

devices and at the dynamic node itself.  

Another method to reduce leakage is to increase the channel length of the 

NMOS devices in the dynamic circuits. Increasing the channel lengths of these devices 

reduces sub-threshold leakage; however, this also reduces the current drive of the 

NMOS devices and therefore results in a decreased performance. 

A number of noise tolerant techniques were proposed in [1.14]-[1.19]. However, 

considering the extra design complexity to achieve the additional noise robustness 

with these techniques combined with their power, performance and area 

characteristics, the use of the basic keeper circuit shown in Figure 1.7 is the optimum 

choice in most of the high-performance and low-power applications. 

1.6 Dynamic Circuits in High-performance Memory Arrays 

In this section, introduction to the Register File (RF) and Content Addressable 

Memory (CAM) array is presented, including the description of their principles of 

operation, simplified block diagrams, and the memory cells used in these arrays. 

1.6.1 RF Arrays 

RF memory arrays are commonly used in high-performance 

microprocessors to achieve the highest speed performance among different types 

of memories in the same process technology. As shown in Figure 1.8, RF arrays 

are at the top level of the memory hierarchy, communicating directly with the CPU 

execution units. 

The number of rows and columns, or the array size of an RF array is limited by 

the requirement of data access speed. Increasing the size of the array beyond a limit 

defeats the purpose of fast access time. If the data requested by execution unit is not 

located in RF, then the next level in the memory hierarchy  which  is  the first  level or  
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Figure 1.8. RF arrays in memory hierarchy 

 

L1 cache is searched. The size of L1 cache memories is larger than that of RF arrays. 

However, reading data out of the L1 cache takes longer, as it takes more time to 

identify the location of the data in the cache array and to bring the data to the 

execution units. If the data requested is also not available in the L1 cache, the next 

level or L2 cache is searched. While the size of L2 cache is larger than the L1 cache, it 

has a slower access time. If none of the cache arrays contains the data requested by 

execution unit, the CPU sends a memory access request to the main memory, located 

outside of the CPU, resulting in a much bigger access time.  

To minimize the physical size of the arrays with large logical size, emphasis is 

given to reduce the size of the memory cells as much as possible. Maximum reduction 

of the size of the devices in the memory cells is feasible by performing the read 

operation with differential sensing of read bit-lines, where a full voltage swing (Vcc to 

Vss and vice versa) of the bit-lines is not needed by the sense amplifiers to read the 

data stored in the memory cells. These types of arrays are called “small signal arrays” 

(SSAs), as opposed to “large signal arrays” (LSAs) in which the read operation is 

performed with a full voltage swing of the bit-lines. RF arrays fall under the category 

of LSAs. If the memory cells of an array have a higher number of ports, the 

implementation of the array using SSA approach with a pair of differential bit-lines 

per port will make the layout of the memory cells wire or metal limited; however, in 

such cases, use of RF implementation with one bit-line per read port will result is area 

efficient memory cells. 
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In SSAs, standard six-transistor SRAM cells are used for all three memory 

operations: read, write, and store. In RF arrays, memory cells also typically use six 

transistors for write and store operations similar to standard SRAM cells. However, to 

enable single cycle throughput or back-to-back read/write performance and to achieve 

improved cell read stability compared to conventional SRAMs [1.20], two more 

transistors are added for reading the data out of memory cells. Figure 1.9 shows a 

typical one-read and one-write port RF memory cell. The top NMOS transistor in the 

read pull-down stack whose gate is connected to read word line (RDWL) is called 

“read access device”. 

 

 

Figure 1.9. Memory cell for 1-read and 1-write port RF arrays 

 

A simplified block diagram of a 1-read and 1-write port RF array with M x 2
N

 

bits of data is shown in Figure 1.10. The read/write decoders convert N-bit read/write 

address input signals into 2
N 

number of read/write word lines. Each word line drives 

M memory cells in each of the 2
N

 entries or rows. If all the memory cells are 

connected to a single long bit-line, then due to large diffusion self-loading and 

interconnect parasitics, the read access speed will be significantly slow. To 

address this issue, the read bit-lines are segmented into several local bit-lines 

(LBLs) and global bit-lines (GBLs).  
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Figure 1.10. Simplified block diagram of a 1-read and 1-write port RF array 

 

An example of an RF bit-line organization with 64 memory cells in a column or 

with N=6 is shown in Figure 1.11. Each LBL is connected to 8 memory cells, 

indicated by “RF cell[7:0]”. The outputs of two LBLs are then combined in a static 

NAND gate, whose output drives an NMOS pull-down transistor connected to a GBL. 

Because there are 64 memory cells in one column, the outputs of 4 NMOS pull-down 

devices are combined together to form the GBL. The LBL and GBL operations in RF 

arrays effectively resemble those of a typical wide-NOR domino gate.  

 

 

Figure 1.11. Bit-line organization of an RF array 
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The optimum matrix of power, performance, area and noise robustness of an RF 

array is achieved by analyzing the dependence of the following design parameters 

with each other: a) memory cell device sizes, b) keeper device size, c) number of pull-

down paths in LBL, and d) number of pull-down paths in GBL. Simplified 

mathematical models were proposed in [1.21] to design energy-delay optimized LBL 

and GBL. However, these simplified models do not accurately model bias dependence 

of switching capacitance, stacking effect of series transistors or short-circuit current 

through the keeper inverter. Usually, all RFs in a microprocessor can be divided into a 

few categories with respect to their row and column sizes, types of memory cells, and 

the noise levels for the signals within and around the RF arrays. Hence, a set of 

simulation models at circuit level is used for graphically representing the 

interdependence of the design parameters mentioned above. For example, Figure 1.12 

shows the relationship of LBL evaluation delay with the size of read access devices in 

memory cells. It is assumed that the maximum of the total input noise at the input of 

each of the read access device is 20% of Vcc. The keeper devices are sized such that 

under the worst-case leakage conditions, in addition to the maximum input noise, the 

input voltage at the next gate level  is less than  20%  of  Vcc, which  is assumed  to be 
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Figure 1.12. LBL delay vs. read access device size in memory cells 
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low enough not to trip that gate. As seen from this figure, for an RF array design if the 

number of segmentation for bit-lines is kept constant, then to meet a specific read 

access time requirement the sizes of the read pull-down devices need to be increased; 

this will result in increased total size of the memory cell. In addition, it indicates that if 

an RF array has to be designed with a specific size of memory cell or read access 

device, then the number of LBL segmentation stages has to be such that the read 

access time is not heavily impacted by bit-line diffusion and interconnect capacitance. 

Once  the  size  of  the  read   access   devices  and  the  number  of  LBL segments are 

determined, the size of keeper devices is based on another set of graphs, examples of 

which  are shown  in Figure 1.13.  This figure  shows  the  relationship   of  input noise 
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Figure 1.13. Keeper device size vs. input noise  

 

level at the input of each read access device to the size of the keeper devices needed 

for maintaining the robustness of the LBL dynamic nodes. If the number of entries in 

an arrays increases above a certain limit, then the area overhead of the sense amplifier 

stage in SSA becomes a smaller fraction of the total array area, making SSA 

implementation of the array preferable to LSA implementation. Since the read 

operation is performed using a reduced swing sensing with a cross-coupled sense 

amplifier, the size of the transfer devices in the memory cells does need not be 

increased significantly.  
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1.6.2 CAM Arrays 

CAM arrays are essential for high-speed comparison of an input search data 

with a set of stored data. All the contents of a CAM array are searched in parallel, and 

the address of the stored data is returned in the case of a match [1.22]-[1.26]. In other 

words, data stored in CAM arrays are accessed based on their content, rather than their 

physical locations. Data access based on a given address is done in RAM (Random 

Access Memory) arrays. Figure 1.14 and Figure 1.15 conceptually show the basic 

operation of CAM and RAM arrays, respectively.   

 

Address Match?

0001 P O R T L A N D No

0002 C O R V A L L I S Yes Address out

0003 E U G E N E No ('0002)

0004 H I L L S B O R O No

Search Data C O R V A L L I S

Array Contents

 

Figure 1.14. Conceptual view of a CAM array 

 
 

In Figure 1.14, all the 4 memory addresses of the CAM array are searched in 

parallel for the search data “CORVALLIS” and the address ‘0002 of the matched 

stored location is returned. In case of the RAM array shown in Figure 1.15, a data 

value of “CORVALLIS” is read out based on the address ‘0002 given to the array. 
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Figure 1.15. Conceptual view of a RAM array 
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High performance CAM arrays operate on a single clock cycle throughput 

making them faster than other hardware and software based search systems. The 

primary commercial application of CAM arrays today is in network routers for 

implementing address lookup operation [1.27]-[1.28]. CAM arrays are also attractive 

for other key applications requiring high searching speed, such as translation look-

aside buffers (TLBs) in virtual memory systems [1.29], tag directories in associative 

cache memories [1.30], parametric curve extraction [1.31], Huffman decoding [1.32], 

and image coding [1.33]. The capacities and word-sizes of CAM arrays used in most of 

these applications are much smaller than the CAM arrays used in networking 

equipments. 

The basic operation of CAM arrays is described using a simplified block 

diagram shown in Figure 1.16. The figure shows a 4x3 CAM array consisting of 4 

words, with each word containing 3 bits of data arranged horizontally. Each CAM cell 

is connected to a pair of differential search lines (  SL1  , SL1  , SL0  , SL0 , etc. shown by 

vertical lines in the figure) corresponding to each bit of the search data. Each search 

line is connected to all the 4 CAM cells in a vertical column. Each word has a 

matchline (ML0, ML1, etc.) that is used to indicate whether the input search data and 

stored data are  identical (a match case, or “hit”) or  are different  (a mismatch case, or 

 

 

Figure 1.16. Simple schematic model of a 4x3 CAM array showing the core memory 
cells, differential search lines, match lines and encoder [1.34] 
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“miss”). At the beginning of CAM search operation, the input search data is applied 

into the search-data registers, which is followed by precharging all matchlines high. 

Next, the searchline drivers broadcast the search word onto the differential searchlines 

and each CAM core cell compares its stored bit against the bit on its corresponding 

searchlines. Matchlines for which all bits match remain in the precharged high state. 

Matchlines with at least one bit mismatch discharge to ground. In cases of multiple 

matches, the encoder selects a single row and outputs a “hit” signal along with the 

binary address of the matched word. 

A CAM cell consists of two basic components: a) bit-storage and b) bit 

comparison circuitry. The bit-storage part is usually the same as the one used in 

standard 6T SRAM cells. The bit comparison part is logically equivalent to an XOR 

of the stored bit and the search bit. A basic ten-transistor CAM cell is shown in 

Figure 1.17, where the usage of a 6T SRAM cell and XOR comparison is obvious. 

Since CAM cells occupy the majority of the area in CAM arrays, area efficient 

design of CAM cells has always been given significant attention. With growing 

applications of CAM arrays resulting in larger array size, the need for area 

efficient cell design  gets even  more significance. A comprehensive review of 14 

 

 

 

Figure 1.17. Conventional ten-transistor (10T) SRAM based CAM cell 
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different types of CAM cells was presented in [1.35]; all the CAM cells were 

compared for transistor count and read/write capability along with other features, 

and a number of area efficient CAM cells with a transistor count of nine with 

both read and write capability were reported. A newer design of a nine-transistor 

CAM cell is presented in [1.36].  

The CAM cells described above can store binary words consisting of ‘1’ and ‘0’ 

only, and hence, are suitable for applications that require exact matches between input 

search data and stored data. Ternary CAM or TCAM cells are more powerful and 

versatile as they can store three states: ‘1’, ‘0’ and ‘X’. The additional state ‘X’ is also 

called the “mask” or “don’t care” state and it can be used to match either a ‘0’ or ‘1’ 

on the search data. In Figure 1.18, data (‘11XX1) stored in address ‘0002 indicates a 

match for any of the 4 search data, ‘11001, ‘11011, ‘11101 or ‘11111.  

Figure 1.19 shows a basic and non-optimized RF-based TCAM cell consisted of 

20 transistors. The CAM XOR blocks perform the XOR operation between the 

incoming search data and the stored data. Two 6T SRAM cells are used for storing 

the three states. Even though two SRAM cells can  normally store four possible sets of 

 

Address Match?

0001 0 0 0 0 0 No

0002 1 1 X X 1 Yes Address out

0003 1 0 1 0 1 No ('0002)

0004 1 1 1 1 1 No

Search Data 0 1 1 0 0 1

Search Data 1 1 1 0 1 1

Search Data 2 1 1 1 0 1

Search Data 3 1 1 1 1 1

Array Contents

 

Figure 1.18. Search operation in a TCAM array 

 

binary values, such as ‘11, ‘01, ‘10 and ‘00, in the case of the TCAM cell, shown in 

Figure 1.19, only the first three sets are valid. The fourth one (‘00 where BIT1=‘0 and 

BIT2=‘0) is an invalid set, as it will always indicate a mismatch whether the search bit 

at SL is either ‘0’ or ‘1’. The set ‘11 represents the ‘X’ state. Local match lines, LML1 

and LML2 are combined in an AND gate to generate the final ML. 
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Figure 1.19. Basic TCAM cell with 20 transistors 

 

1.7 Thesis Organization 

Continued increase in leakage current of the transistors with the advancement of 

process technology impacts the leakage power and noise sensitivity of dynamic 

circuits more than those of static circuits. This thesis proposes methods and techniques 

to achieve the goal of power-efficient design of the dynamic circuits used commonly 

in high-performance RF and CAM arrays while improving or maintaining their area, 

performance and noise robustness. 

Chapter 2 underscores the significance of the proper selection of bit-line 

organizations on the power and performance of RF arrays. It shows that, for the same 

logical size of an RF array, the bit-lines can be segmented and arranged in a couple of 

different ways to improve power and performance without impacting noise immunity.  

Chapter 3 proposes a new design of the dynamic circuits in RF arrays for lower 

leakage power and higher performance. The read evaluation circuits of traditional RF 

arrays are implemented with NMOS-device based domino gates, where NMOS 

devices are used for pulling down the bit-line dynamic nodes and PMOS devices are 

used for precharging them. In this chapter, an RF array with PMOS-device based 
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domino gates is proposed, where the read evaluation is performed with PMOS 

devices, instead of NMOS devices as in the traditional RF arrays.  

In Chapter 4, a low-power 11-transistor CAM cell is presented for high 

performance applications. The CAM cell design is based on the conventional 8-

transistor one-read one-write RF memory cell, where a read operation does not affect 

the cell stability. The read and write operations in CAM arrays designed with these 

cells are independent of the stored and/or search data. Also, presented is the 

comparison of power and performance of dynamic CAM arrays with the proposed 

CAM cell against three other existing cells and a static CAM array. Simulation results 

based on a 32 nm process technology indicate that the proposed cell offers the lowest 

power and best performance compared to the existing RF based dynamic CAM array 

designs. 

In Chapter 5, a low-power TCAM array using 16-transistor memory cells is 

presented for network applications where the contents of the array are not updated 

very frequently. In the proposed array, the read and search operations are performed 

by the same circuit blocks, which result in the reduction of device count and signal 

interconnect, and hence, in area, as compared to the conventional TCAM arrays.  

Finally, Chapter 6 presents a summary of proposed methods and techniques 

mentioned in the thesis for low-power dynamic circuits in high-performance memory 

arrays. It also mentions suggestions for extending the current research for possible 

future work.  

1.8 References 

[1.1] A. Chandrakasan, et al., “Low-Power CMOS Digital Design,” IEEE Journal of 

Solid-State Circuits, vol. 28, pp. 473-484, April 1992.  

[1.2] N. Yang, W. K. Henson, and J. Wortman, “A comparative study of Gate Direct 

Tunneling and Drain Leakage Currents in N-MOSFETs with Sub-2100-nm 
Gate Oxides,” IEEE Transaction on Electron Devices, vol. 47,  no. 8, pp. 1636-

1644, Aug. 2000. 

[1.3] Anantha P. Chandrakasan and Robert W. Brodersen, Low-Power CMOS 

Design, Wiley-IEEE Press, 1997.  



 

 

24 

[1.4] R. Gonzalez, B. M. Gordon, and M. A. Horowitz, “Supply and threshold 
voltage scaling for low power CMOS,” IEEE Journal of Solid-State Circuits, 

vol. 32, pp. 1210-1216, August 1997.  

[1.5] T. Kuroda, K. Suzuki, S. Mita, T. Fujita, F. Yamane, F. Sano, C. Akihiko, Y. 

Watanabe, M. Yoshinori, K. Matsuda, T. Maeda, T. Sakurai, and F. Tohru, 
“Variable supply-voltage scheme for low-power high-speed CMOS digital 

design,” IEEE Journal of Solid-State Circuits, vol. 33, pp. 454-462, March 
1998.  

[1.6] D. Liu and C. Svensson, “Trading speed for low power by choice of supply 
and threshold voltages,” IEEE Journal of Solid-State Circuits, vol. 28, pp. 10-

17, January 1993. 

[1.7] J. Rabaey, A. Chandrakasan and B. Nikolic, Digital Integrated Circuits: A 

Design Perspective, Prentice Hall, Upper Saddle River, NJ, 2002. 

[1.8] K. L. Shepard, “Design Methodologies for Noise in Digital Integrated 

Circuits,” Design Automation Conference, pp. 94–99, 1998. 

[1.9] K. L. Shepard and V. Narayanan, “Noise in deep submicron digital design,” 

Proceedings of the IEEE/ACM International Conference on Computer-Aided 

Design, pp. 524-531, 1996. 

[1.10] C. S. Murthy and M. Gall, “Process variation effects on circuit performance: 
TCAD simulation of 256-Mbit technology,” IEEE Transactions on Computer-

Aided Design of Integrated Circuits, vol. 16, pp. 1383-1389, November 1997. 

[1.11] H. Y. Chen and S. M. Kang, “A new circuit optimization technique for high 

performance CMOS circuits,” IEEE Transactions on Computer-Aided Design, 
vol. 10, pp. 670-676, May 1991. 

[1.12] K. Venkat, L. Chen, I. Lin, P. Mistry, P. Madhani, and K. Sato, “Timing 
verification of dynamic circuits,” Proceedings of the IEEE Custom Integrated 

Circuits Conference, pp. 271-274, 1995. 

[1.13] J. A. Pretorius, A. S. Shubat, and C. A. Salama, “Charge redistribution and 

noise margins in domino CMOS logic,” IEEE Trans. Circuits and Systems, 
vol. CAS-33, pp. 786–793, Aug. 1986. 

[1.14] G. P. D’Souza, “Dynamic logic circuit with reduced charge leakage,” U.S. 

Patent 5483181, Jan. 9, 1996. 

[1.15] L. Wang and N. R. Shanbhag, “An Energy-Efficient Noise-Tolerant Dynamic 
Circuit Technique,” IEEE Transactions on Circuits and Systems–II: Analog 

and Digital Signal Processing,  vol. 47,  no.11, pp. 1300-1306, Nov. 2000. 



 

 

25 

[1.16] J. J. Covino, “Dynamic CMOS circuits with noise immunity,” U.S. Patent 
5650733, July 22, 1997. 

[1.17] G. Balamurugan and N. R. Shanbhag, “The Twin-Transistor Noise-Tolerant 
Dynamic Circuit Technique,” IEEE Journal of Solid-State Circuits,  vol. 36,  

no. 2, pp. 273- 280, Feb. 2001. 

[1.18] S. Bobba and I. N. Hajj, “Design of Dynamic Circuits with Enhanced Noise 

Tolerance,” Twelfth Annual IEEE International ASIC/SOC Conference, pp. 54-
58, 1999.  

[1.19] Mohab H. Anis, Mohamed W. Allam, and  Mohamed I. Elmasry, “Energy-
Efficient Noise-Tolerant Dynamic Styles for Scaled-Down CMOS and 

MTCMOS Technologies,” IEEE Transaction on Very Large Scale Integration 

(VLSI) Systems,  vol. 10,  no. 2, pp. 71-78, April 2002. 

[1.20] Leland Chang, et al, “An 8T-SRAM for Variability Tolerance and Low-
Voltage Operation in High-Performance caches,” IEEE Journal of Solid-State 

Circuits,  vol. 43,  no. 4, pp. 956–963, April 2008. 

[1.21] Kar Ting Christine Kwong (2004), Design of a Robust, Low-Leakage Register 

File for Sub-130nm Technologies, Masters Thesis, University of Waterloo, 
Waterloo, Ontario, Canada. 

[1.22] T. Kohonen, Content-Addressable Memories, 2nd ed. New York, Springer-
Verlag, 1987. 

[1.23] L. Chisvin and R. J. Duckworth, “Content-addressable and associative 
memory: alternatives to the ubiquitous RAM,” IEEE Computer, vol. 22, no. 7, 

pp. 51–64, Jul. 1989. 

[1.24] K. E. Grosspietsch, “Associative processors and memories: a survey,” IEEE 

Micro, vol. 12, no. 3, pp. 12–19, Jun. 1992. 

[1.25] I. N. Robinson, “Pattern-addressable memory,” IEEE Micro, vol. 12, no. 3, pp. 

20–30, Jun. 1992. 

[1.26] S. Stas, “Associative processing with CAMs,” in Northcon/93 Conf Record, 

1993, pp. 161–167. 

[1.27] T.-B. Pei and C. Zukowski, “VLSI implementation of routing tables: tries and 

CAMs,” in Proc. IEEE INFOCOM, vol. 2, 1991, pp. 515–524. 

[1.28] G. Qin, S. Ata, I. Oka, and C. Fujiwara, “Effective bit selection methods for 

improving performance of packet classifications on IP routers,” in Proc. IEEE 

GLOBECOM, vol. 2, 2002, pp. 2350–2354. 



 

 

26 

[1.29] M. Sumita, “A 800 MHz single cycle access 32 entry fully associative TLB 
with a 240ps access match circuit,” Digest of Technical Papers of the 

Symposium on VLSI Circuits, pp. 231-232, Jun. 2001. 

[1.30] P.-F. Lin and J. B. Kuo, “A 0.8-V 128-kb four-way set-associative two-level 

CMOS cache memory using two-stage wordline/bitline-oriented tag-compare 
(WLOTC/BLOTC) scheme,” IEEE Journal of Solid-state Circuits, vol. 37, no. 

10, pp. 1307-1317, Oct. 2002. 

[1.31] M. Meribout, T. Ogura, and M. Nakanishi, “On using the CAM concept for 

parametric curve extraction,” IEEE Trans. Image Process., vol. 9, no. 12, pp. 
2126–2130, Dec. 2000. 

[1.32] E. Komoto, T. Homma, and T. Nakamura, “A high-speed and compact size 
JPEG Huffman decoder using CAM,” in Symp. VLSI Circuits Dig.Tech. 

Papers, 1993, pp. 37–38. 

[1.33] S. Panchanathan and M. Goldberg, “A content-addressable memory 

architecture for image coding using vector quantization,” IEEE Trans. Signal 

Process., vol. 39, no. 9, pp. 2066–2078, Sep. 1991. 

[1.34] K. Pagiamtzis and A. Sheikholeslami, “Content-addressable memory (CAM) 
circuits and architectures: A tutorial and survey,” IEEE Journal of Solid-State 

Circuits, vol. 41, no. 3, pp. 712–727, March 2006. 

[1.35] K. J. Schultz, “Content-addressable memory core cells: A survey,” Integration, 

the VLSI Journal, vol. 23, no. 2, pp 171–188, November 1997.  

[1.36] H. Miyatake, M. Tanaka, and Y. Mori, “A design for high-speed low-power 

CMOS fully parallel content-addressable memory macros,” IEEE Journal of 

Solid-State Circuits, vol. 36, no. 6, pp 956–968, June 2001. 

 

 

 

 

 



 

 

27 

 

 

 

 

Bit-line Organization in Register Files for Low-power and High-

performance Applications 

 

 

Ataur R. Patwary, Hans Greub,
 
Zhongfeng Wang, and Bibiche M. Geuskens 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4th International Conference on Electrical and Computer Engineering ICECE 2006 

pp. 505-508, Dec. 2006 

Dhaka, Bangladesh. 

 

 



 

 

28 

2 Bit-line Organization in Register Files for Low-power and High-

performance Applications 

 

Abstract 

As the leakage current keeps increasing in every generation of VLSI processing 

technology, appropriate selection of the local and global bit-line organization of 

Register Files (RFs) becomes an important design issue for low-power and high-

performance applications. In this paper, several different bit-line organizations are 

proposed based on simulation results for designing low-power and high-performance 

RFs using 65 nm CMOS devices, while maintaining maximum robustness against 

noise. 

2.1 Introduction 

Register Files (RFs) are commonly used in high-performance general purpose 

microprocessors for storing and reading arrays of data where the area and design-time 

overhead of sense amplifier differential approach of a typical cache memory cannot be 

justified. Reading data out of RFs is effectively done by a wide dynamic mux or NOR 

operation and hence, leakage current plays a significant role in the total power 

consumption, noise sensitivity and performance of the RFs. However, dynamic power 

is still the largest component of the total power consumption in high-performance RFs 

operating at GHz frequency. Because of the quadratic dependence of dynamic power 

on supply voltage, reducing this voltage is the most effective approach to minimize 

dynamic power dissipation [2.1-4]. On the other hand, reducing the supply voltage 

necessitates the reduction of the threshold voltage to avoid serious degradation of 

performance. Unfortunately, reducing threshold voltage causes the sub-threshold 

leakage current to increase exponentially. Gate leakage current via the gate tunneling 

mechanism causes the total leakage current to become even larger as the gate oxide 

thickness is reduced to achieve high integration density [2.5]. The increase of the 

leakage current  in every generation of VLSI processing technology requires that, 

along with different design optimizations of memory cells themselves, the 
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organization of local and global bit-lines with respect to the location of the memory 

cells in RFs are analyzed for low-power and high-performance applications while 

maintaining sufficient noise immunity. In this paper, we will start with the typical 

organization of an RF as presented in [2.6]. Then we will outline two other 

organizations of local and global bit-lines for low-power applications and compare 

their power and performance based on simulation results. 

2.2 Basic Organization of a Register File 

The core organization of one column of a single-port 256x32 bit RF is shown in 

Figure 2.1. This is similar to the one presented in [2.6]. 8-bit read and write address 

signals are decoded (not shown in this figure) to generate 256 read and write select 

signals. Each of these select signals is connected to a  row of 32  memory cells to form  

 

 

Figure 2.1. Organization of reference Register File [2.6] 

 

the complete 256x32 bit RF. The output from a number of memory cells is first 

combined into a local bit-line (LBL). Figure 2.2 shows the LBL organization where 16 

memory cells are connected to a single LBL. The read select signals connected to the 

gate of the NMOS access transistors placed between the LBL and each memory cell, 
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determine which memory cell output will be conveyed to the LBL. The combination 

of access transistor and memory cell is shown as “RF Cell” in Figure 2.1. The outputs 

of two LBLs are combined in a NAND gate, whose output then drives an NMOS pull-

down transistor connected to a global bit-line (GBL). In Figure 2.1, since there are 256   

 

 

 

Figure 2.2. Local bit-line (LBL) organization for the RF shown in Figure 2.1 

 

memory cells in one column, the output of 8 NMOS pull-down devices are combined 

together to form the GBL. The GBL signal is driven out of the RF using static 

inverters. The operation of LBL and GBL effectively resembles that of typical wide 

NOR domino gates.  

If the output of the memory cell selected is low, the dynamic nodes LBL and 

GBL should hold their precharged values during the evaluation phase. During this 

time, these nodes are not driven by either supply voltage or ground and are susceptible 

to different kinds of noise sources that can potentially cause them to discharge towards 

ground. Depending on the voltage, these nodes reach to and the noise margin of the 

static gates they drive, a possible logic failure can occur. This failure cannot be 
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restored, even if the noise sources are removed. The major noise sources include: 

leakage current through the pull-down NMOS transistors, potential input noise due to 

propagated noise from previous stages, crosstalk noise from neighboring interconnects 

at the input or at the LBL and GBL themselves, and power supply variation noise. The 

charge sharing noise component which is present in multi-input dynamic circuits is not 

a major source of noise in LBL as only one of the read select signals will be ON at a 

time and the capacitance of the internal nodes between the read select access 

transistors and memory cell passgates is only a fraction of the total capacitance of the 

LBL. A standard feedback keeper circuit, as shown in Figure 2.2, is typically used to 

guard against the above-mentioned noise sources by holding the high state of the 

dynamic nodes. This keeper circuit, however, slows down the evaluation of the LBL 

and GBL nodes because of contention between the keeper and the pull-down NMOS 

stack. A few efficient keeper circuit designs exist [2.7-8] that can be used to reduce 

this performance hits. For the purpose of this paper, we will use standard keeper 

circuit and focus the impact of different LBL and GBL organizations on power, 

performance and noise immunity. 

2.3 LBL and GBL Organizations for Low-power and High-

performance 

LBL and GBL organization can be varied simply by changing the number of 

memory cells connected to an LBL or by changing the number of pull-down NMOS 

devices connected to GBL along with the modification of some of the adjacent logic 

gates. These changes will impact the placement and/or length of these bit-lines, and 

hence, the characteristics of the RF. In this section, we present two organizations of 

LBL and GBL for low-power applications and compare their power and performance 

with those of the reference RF described in section 2.2. For this study, it is assumed 

that RF cells were pre-designed and are the same for all cases.  

2.3.1 Option 1 

16 pull-down/LBL and 4 pull-down/GBL and output from the middle of the 

array via a NAND gate. Figure 2.3 shows this organization where the GBL is split into 
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2 halves (GBL_HALF1 and GBL_HALF2) by using a NAND gate instead of the 

inverter shown in Figure 2.1. The LBL organization is the same as the one shown in 

Figure 2.1 and 2.2 and hence, there are 16 memory cells or 16 NMOS pull-down 

stacks per LBL and a total of 16 LBLs in each column of the array. The number of 

NMOS pull-down devices in each GBL becomes 4 as opposed to 8 in Figure 2.1. 
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Figure 2.3. Option 1 – Bit-line Organization of an RF using GBL NAND gate 

 

2.3.2 Option 2 

8 pull-down/LBL and 8 pull-down/GBL and output from the middle of the 

array via a NAND gate. Figure 2.4 shows this organization where the number of 

memory cells connected to each LBL is reduced to 8 from 16 in reference RF and in 

Option 1. So, in each column, there are total 32 LBLs which is twice as many as those 

in reference organization and in Option 1. Similar to Option 1, the GBL is split into 2 

halves by using a NAND gate in place of the inverter shown in Figure 2.1. The 

number of pull-down devices connected to each GBL becomes 8 which is same as in 

the reference RF organization shown in Figure 2.1.  
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Figure 2.4. Option 2 – Bit-line Organization of an RF with 8 pull-

downs/LBL and using GBL NAND gate 

 

2.4 Simulation and Comparison 

Simulations for the reference RF organization along with the two options 

described above using 65 nm CMOS devices are performed at the same input 

conditions using supply voltage, Vcc=1.2 V and temperature, T=110
0
C. The following 

two steps are used for setting up the simulation procedure and for comparing the 

results from the three organizations: A) Design priority is given to noise robustness: 

precharge and keeper transistors are sized to meet noise sensitivity guidelines as 

described later in this section, and B) Other devices are sized to ensure similar rise/fall 

times and output slopes in all three cases. The precharge and keeper transistors for the 

LBL and GBL are sized to meet at least the following criteria. I) LBL keeper and 

precharge transistor sizing: Vcc is applied to the gate of all bottom NMOS transistors 

(N1 to N16 as shown in Figure 2.2) in the pull-down stack; the sources of these 

transistors are connected to ground. A noise voltage source of magnitude 0.2*Vcc is 

applied to the gate of all top NMOS transistors connected to the dynamic node LBL. 
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Applying noise voltage to the top NMOS transistors models worst-case leakage 

conditions during the evaluation phase. The keeper and precharge device sizing 

guarantees the input voltage at the GBL pull-down NMOS devices to be less than 

0.2*Vcc. This is assumed low enough to trip these pull-down devices. This sizing 

criterion uses a 10% tighter noise input than the one used in [2.9]. II) GBL keeper and 

precharge device sizing: Because the interconnect between LBL NAND output and 

GBL input of the pull-down devices is usually short and local, the noise input voltage 

used is 0.1*Vcc. This noise voltage is applied to all the GBL pull-down devices and 

the keeper and precharge devices are sized such that the output of the NAND or INV 

from the GBL is less than 0.2*Vcc. 

In Option 1, each pull-down NMOS device connected to a GBL has to drive 

only half the length of the total GBL line in the reference RF organization. Hence, the 

size of the GBL NMOS pull-down devices and preceding NAND gates can be reduced 

to almost half to maintain similar rise/fall times at their output. The reduced size of 

these pull-down devices also permits the precharge and keeper device sizes for each 

GBL to be reduced to almost half while maintaining same noise robustness. 

In Option 2, each LBL has 8 RF cells or 8 NMOS pull-down stack as compared 

to 16 in reference organization. This allows the sizing of the precharge and keeper 

devices for the LBL to be smaller for the same noise immunity. However, even though 

the GBL pull-down devices can be of the same size as the ones in Option 1, the 

precharge and keeper devices for GBL need to have the same sizes as the ones in 

reference organization to guard against increased leakage current and noise from twice 

the number of pull-down stacks connected to GBL. 

In both Options 1 and 2, one extra layout track is needed to drive the output of 

GBL from the middle of the RF array. In addition, both options need additional layout 

area at the middle of the array for the placement of the NAND gate driven by the 

GBLs. For Option 2, extra layout area is needed for 8 additional LBL NAND gates, 16 

LBL precharge/keeper circuit, and 8 GBL pull-down NMOS devices. 

Table 2.1 shows a comparison of the normalized total power consumption in 

each of the three organizations. It also shows the normalized total delay during a read 
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operation from the farthest memory cell to the input of the final inverter that drives the 

read data out of the RF. 

 

Table 2.1. Comparison of different Bit-line organizations 

Comparison Paramater
Reference 

organization                       
Option 1 Option 2

# of pull-downs/LBL 16 16 8

# of pull-downs/GBL 8 4 8

Total power 1 0.78 0.88

Total read delay 1 0.93 0.77  

 

As seen from Table 2.1, total power saving from Option 1 is 22% relative to 

the reference organization. This saving comes from the reduced size of the pull-down 

devices connected to the GBL and hence reduced dynamic and leakage power. 

Contention power (when both pull-down stack and PMOS keeper are simultaneously 

ON at the beginning of the evaluation phase) is also reduced due to the smaller keeper 

devices. In Option 2, even though power from the LBL section is reduced because of 

less contention from the LBL keeper devices, it does not have the same amount of 

leakage power saving from the GBL pull-down devices, as the total width of the 

devices connected to GBL is again equal to that of reference organization. The results 

also show that the total delay is improved in both options. Option 1 has a smaller LBL 

evaluation delay, as the LBL sees less gate capacitance from the NAND gate it is 

driving. Option 2 has the added benefit of more LBL delay reduction, as the number of 

pull-down stacks is half compared to the reference organization. This allows smaller 

keeper size, and therefore, reduced contention current to fight against the pull-down 

NMOS devices during evaluation. 

In order to save clocking power from the GBL with a high activity factor, a 

static GBL approach is also considered. Here the outputs from the LBLs are combined 

using static NOR/NAND gates to complete the read out path from the RF. This 

approach is less sensitive to noise because of the inherent noise robustness of static 

gates over dynamic gates. In order to have the same number of gate stages from the 

RF cell output to the output of the array, or to have comparative performance as the 
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dynamic GBL approaches described above, 32 memory cells need to be connected to 

each LBL. However, the leakage from 32 pull-down NMOS devices is so high that the 

keeper size needs to be significantly larger, causing the read path delay to be 

performance critical. As a result, for the size of the array considered in this paper static 

GBL approach is not a viable choice. 

In addition to employing either of the LBL and GBL bit-line organizations for 

RF arrays described in this paper, the following approaches can be applied to reduce 

leakage power further in RF: a) sharing a sleep transistor in all the pull-down paths 

connected to an LBL [2.10] - the sleep transistor is turned ON while accessing the 

LBL and conditionally turned off, if the LBL should remain high, and b) selectively 

using low leakage transistors with higher threshold voltage (HVT) than nominal in the 

memory cells and in read select drivers. 

2.5 Conclusions 

With the advancement of VLSI process technology the undesirable impacts of 

increased leakage current on power, noise and performance make it necessary to 

explore different RF organizations for low-power and high-performance applications, 

along with every process technology advancement. In this paper, we analyzed two 

different options and found them to be both power efficient and capable of running at 

higher frequency. As newer process technologies are released with higher leakage 

current, more advanced RF design options need to be devised for low-power and high-

performance operations. 

2.6 References 

[2.1] Anantha P. Chandrakasan and Robert W. Brodersen, Low-Power CMOS 

Design, Wiley-IEEE Press, 1997.  

[2.2] R. Gonzalez, B. M. Gordon, and M. A. Horowitz, “Supply and threshold 
voltage scaling for low power CMOS,” IEEE Journal of Solid-State Circuits, 

vol. 32, pp. 1210-1216, August 1997.  

[2.3] T. Kuroda, K. Suzuki, S. Mita, T. Fujita, F. Yamane, F. Sano, C. Akihiko, Y. 

Watanabe, M. Yoshinori, K. Matsuda, T. Maeda, T. Sakurai, and F. Tohru, 



 

 

37 

“Variable supply-voltage scheme for low-power high-speed CMOS digital 
design,” IEEE Journal of Solid-State Circuits, vol. 33, pp. 454-462, March 

1998.  

[2.4] D. Liu and C. Svensson, “Trading Speed for Low Power by Choice of Supply 

and Threshold voltages,” IEEE Journal of Solid-State Circuits, pp. 10-17, 
January 1993. 

[2.5] N. Yang, W. K. Henson, and J. Wortman, “A comparative study of Gate Direct 
Tunneling and Drain Leakage Currents in N-MOSFETs with Sub-2100-nm 

Gate Oxides,” IEEE Transaction on Electron Devices, vol. 47,  no. 8, pp. 
1636--1644, Aug. 2000. 

[2.6] Atila Alvandpour, Ram Krishnamurthy, K. Soumyanath, and Shekhar Borkar, 
“A Low-leakage Dynamic Multi-Ported Register File in 0.13um CMOS,” 

Proceedings of the 2001 international symposium on Low power electronics 

and design, pp. 68-71, August 2001. 

[2.7] M. Elrabaa, M. Anis, and M. I. Elmasry, “A Contention-Free Domino Logic 
for Scaled-Down CMOS Technologies with Ultra Low Threshold Voltage,” 

Proceedings of the  IEEE International Symposium on Circuits and Systems,  
vol.1, pp.748-751, May 2000. 

[2.8] Mohab H. Anis, Mohamed W. Allam, and  Mohamed I. Elmasry, “Energy-
Efficient Noise-Tolerant Dynamic Styles for Scaled-Down CMOS and 

MTCMOS Technologies,” IEEE Transaction on Very Large Scale Integration 

(VLSI) Systems,  vol. 10,  no. 2, pp. 71-78, April 2002.  

[2.9] S. Thompson, I. Young, J. Greason, and M. Bohr, “Dual Threshold Voltages 
and Substrate Bias: Keys To High Performance, Low Power, 0.1 µm Logic 

Designs,” Symposium on VLSI Technology Digest, pp. 69-70, June 1997. 

[2.10] Amit Agarwal, Kaushik Roy, and Ram K. Krishnamurthy, “A Leakage-

Tolerant Low-Leakage Register File with Conditional Sleep Transistor,” 
Proceedings of the IEEE International SOC conference, pp. 241-244, Sept. 

2004. 

 

 

 

 



 

 

38 

 

 

 

 

Low-Power Register File Design Using PMOS Device Based 

Evaluation Circuits 

 

 

Ataur R. Patwary, Bibiche M. Geuskens, and Shih-Lien L. Lu 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To be submitted 

US Patent pending. 

 



 

 

39 

3 Low-Power Register File Design Using PMOS Device Based 

Evaluation Circuits 

 

Abstract 

In traditional design of Register File (RF) memory arrays, a read operation 

is implemented with dynamic gates where NMOS devices are used in the 

evaluation circuits. This is because of the historically significant speed advantage of 

NMOS devices over PMOS devices. However, with the latest advancements in 

semiconductor process technology, the delay performance of PMOS devices has 

continuously been improving. In addition to that, leakage current characteristic of 

PMOS devices is better than that of NMOS devices. In this paper, an RF array design 

is proposed where PMOS devices are used in the evaluation circuit of the read out 

path. The proposed RF array showed 48% improvement in the read bit-line leakage 

power, along with 10% improvement in the read out delay compared to RF arrays with 

NMOS-device based evaluation circuits. 

3.1 Introduction 

RF memory arrays are located at the top of the microprocessor memory 

hierarchy because of their fastest data access speed. These arrays communicate 

directly with the execution units of the CPU. Reading data out of RF arrays is 

performed using single ended read bit-lines which operate at full voltage swing, 

as opposed to small signal arrays where a small differential voltage between a 

pair of bit-lines is used for sensing the data stored in the memory cells. In RF 

arrays, the read bit-lines are broken into segments to reduce the diffusion loading 

from the memory cell devices as well as to reduce the bit-line wire delay. 

Selection of a memory cell is based on activation of a read word line generated from 

decoded input address signals. Hence, reading data from RFs is effectively equivalent 

to the logical operation performed by wide-NOR gates, which are commonly 

implemented with dynamic gates. Since historically, NMOS devices have been faster 

than PMOS devices, NMOS devices have been used in traditional RF arrays to 
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implement the evaluation circuit of the dynamic gates in the read out paths [3.1]-[3.2]. 

This type of RFs is referred to as N-domino RFs. However, with the latest 

advancements in semiconductor process technology, delay performance of PMOS 

devices has improved significantly with respect to that of the NMOS devices [3.3]. In 

addition to that, PMOS devices perform better than NMOS devices with respect to 

leakage power [3.4]. In order to take advantage of both the improved speed and 

leakage power of PMOS devices, design of P-domino RF arrays is proposed in this 

paper. Here, PMOS devices are used in the evaluation circuit of read out path. Simple 

P-domino circuits have been proposed in literature as a possible method to reduce gate 

leakage. A comparative analysis of P-domino versus N-domino single stage circuits 

has been presented in [3.5] for a 70 nm technology. However, the results showed 

significant degradation (10%) in delay performance even with optimized device sizes. 

In this paper, we start with the description of bit-line organization of NMOS-

device based RFs. Then, the design of PMOS-device based RFs is presented. 

Then, based on simulation results, comparative analysis of power and 

performance for these two types of RF designs is presented.  

3.2 NMOS-device Based RFs 

The core organization of one column of a single port N-domino RF is shown in 

Figure 3.1. For simplicity, a 64 entry x 32 bit RF is shown. The 6-bit read and write 

address signals are decoded (not shown in the figure) to generate 64 read and write 

wordline (WL) signals. Each of these WL select signals is connected to one row of 32 

memory cells to form the complete 64x32 bit RF. The read bit-lines are segmented 

into 8 local bit-lines (LBLs) and 1 global bit-line (GBL) to alleviate the issue of 

large diffusion self-loading and interconnect parasitics. Figure 3.2 shows an LBL 

organization where 8 memory cells are connected to a single LBL. The read WL 

signals are connected to the gate of the top NMOS transistor in the read pull-down 

evaluation circuit located between the LBL and each memory cell and determine 

which memory cell data content will be conveyed onto the LBL. The combination of 

the read pull-down stack and memory  cell is  shown  as “RF Cell” in  Figure 3.1.  The  
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Figure 3.1. N-domino RF with NMOS-device based evaluation circuit 

 

outputs of two LBLs are then combined in a NAND gate, whose output drives an 

NMOS pull-down transistor connected to a global bit-line (GBL). Because there are 

64 memory cells in one column, the outputs of 4 NMOS pull-down devices are 

combined together to form the GBL. The details of the GBL circuits are shown in 

Figure 3.3. As seen from the above figures, the LBL and GBL operations effectively 

resemble those of typical wide-NOR domino gates, where NMOS pull-down devices 

are used in the evaluation circuit. The precharge of the dynamic nodes LBL and GBL 

is accomplished through PMOS keeper devices when those nodes are not in evaluation 

mode.  

 

 

 

Figure 3.2. LBL organization with NMOS-device based evaluation circuit 
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. . .

 

Figure 3.3. GBL organization with NMOS-device based evaluation circuit 

 

3.3 PMOS-device Based RFs 

For the proposed P-domino or PMOS-device based RF design, the evaluation 

circuit for the read bit-lines is implemented with PMOS devices. During the evaluation 

phase of a read operation, the bit-lines get charged to supply voltage, Vcc if the data 

stored in the memory cell selected by read wordline is LOW or ‘0’. This is opposite to 

the case of an N-domino RF, where the bit-lines get discharged to GND or Vss in the 

evaluation phase if the data stored in memory is a HIGH or ‘1’. Complimentary 

NMOS devices are used for discharging (instead of precharging) of the dynamic 

nodes, LBL and GBL in the proposed P-domino RF. Similarly, NMOS devices are 

used as keeper devices.  

The diagrams for a 64 entry x 32 bit RF using PMOS-device based evaluation 

circuits corresponding to the ones in Figure 3.1, 3.2 and 3.3 are shown in Figure 3.4, 

3.5 and 3.6, respectively. For ease of visual comparison between the N/P-domino RFs, 

the PMOS devices for P-domino RF are drawn in the same orientation as their 

complementary NMOS devices in N-domino RF. Because of the change in signal 

polarity for the PMOS devices to be active when compared to NMOS devices, the WL 

drivers need to be modified to be active low for P-domino RF. Figure 3.7 shows the 

simplified decoder for one wordline out of 64 in N- and P-domino RFs, where the 

decoder for P-domino RF has one less gate stage.  
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Figure 3.4. P-domino RF with PMOS-device based evaluation circuit 

(corresponding to Figure 3.1) 

 

 

 

 

 

 

 

 

Figure 3.5. LBL organization with PMOS-device based evaluation circuit 

(corresponding to Figure 3.2) 
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Figure 3.6. GBL organization with PMOS-device based evaluation circuit 

(corresponding to Figure 3.3) 

 

 

 

 

 

 

Figure 3.7. Wordline decoder (one of 64) for:  (a) N-domino RF and 
(b) P-domino RF  

 

3.4 Simulation Results and Comparison 

Simulations of the N-domino and P-domino RF arrays were performed with 32 

nm process technology parameters at the same input conditions. The following three 
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steps were used for setting up the simulation procedure for the N-domino RF array: A) 

first, the memory cell was selected such that its read pull-down NMOS devices were 

sized to drive the LBLs under the condition of typical noise at WLs and LBLs; B) 

then, keeper transistors were sized to meet noise sensitivity guidelines as described 

later in this section; and C) other devices were sized to ensure that the delay through 

them and their output slopes are in the order of those for a typical inverter. The keeper 

transistors for the LBL and GBL were sized to meet at least the following criteria 

under fast process corner. I) LBL keeper transistor sizing: Vcc was applied to the gate 

of all 8 bottom NMOS transistors of the pull-down stack in Figure 3.2; the sources of 

these transistors are connected to ground. A noise voltage source of magnitude 20% of 

Vcc was applied to the gate of all 8 top NMOS transistors connected to the dynamic 

node LBL. Applying noise voltage to the top NMOS transistors modeled worst-case 

leakage conditions during evaluation phase. The keeper and precharge device were 

sized to guarantee the input voltage at the GBL pull-down NMOS devices were less 

than 20% of Vcc. This was assumed low enough to trip these pull-down devices. This 

sizing criterion uses a 10% tighter noise input than the one used in [3.6]. II) GBL 

keeper transistor sizing: because the interconnect between LBL NAND output and 

GBL input of the pull-down devices is usually short and local, the noise input voltage 

used is 10% of Vcc. This noise voltage was applied to all the 4 GBL pull-down 

devices and the keeper devices are sized such that the output of the INV following the 

GBL is less than 20% of Vcc.  

Two simulation models were setup for P-domino RF. First was the Same Area 

Model: to keep the total device width within the array (excluding the decoders) exactly 

same as N-domino RF, all the devices in P-domino RF array were sized same as the 

corresponding devices in N-domino, whether device type was the same or 

complimentary. For example, the PMOS device sizes of the evaluation circuit inside 

the memory cells in Figure 3.5 of the proposed P-domino RF were kept the same as 

the NMOS device sizes in the evaluation circuit in Figure 3.2 of the traditional N-

domino RF. Similarly, the keeper devices in P-domino RF were sized equal to those in 

N-domino RF, even though the devices types were complimentary between these 2 
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RFs. The second simulation model was the Optimized Keeper Model: all the devices 

other than LBL and GBL keepers were kept the same as in the first simulation model 

or, in other words, the same as in N-domino RF. However, the keepers were sized to 

meet the same noise guideline as applied in N-domino RF. Since, PMOS pull-up 

devices in the P-Domino RF for LBL and GBL evaluation are less leaky than their 

NMOS counter part in N-domino RF, the keeper device sizes were reduced in size. 

The decoder devices were sized in such a way that the decoder layout area remains the 

same for both RF designs.  

Table 3.1 shows the comparison of leakage and dynamic power at typical 

process corner in the LBL/GBL section of the arrays for traditional N-domino RF with 

those in proposed P-domino RF using the “Same Area Model” described above, 

where the area of the both arrays is equal to each other. There is a 46% reduction in 

the leakage power in P-domino RF arrays, which is due to the fact that PMOS devices 

have smaller leakage current than NMOS devices. There is also a 12% reduction in the 

dynamic power. Table 3.1 also shows that P-domino RF has 2% degradation in total 

read out delay starting from read address decoder input to the final read output 

inverter. Even though there is a saving of 1 gate delay in the decoder for P-domino 

RF, its LBL and GBL evaluations take longer due to a slower speed of PMOS devices 

compared to NMOS devices.  

 

Table 3.1. Comparison of N/P-Domino RF at typical process corner using 

“Same Area Model”  

 

Comparison Parameter N-domino RF P-domino RF

Leakage power  (LBL/GBL) 1.00 0.54

Dynamic power (LBL/GBL) 1.00 0.88

Total read out delay 1.00 1.02
 

 

Table 3.2 shows comparison of power and total read out delay at typical process 

corner between these 2 types of arrays using the “Optimized Keeper Model” described 

above, where the LBL and GBL keepers’ sizes in P-domino RF are optimized for the 

reduced leakage in the PMOS evaluation devices. The keepers in P-domino RF are 
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downsized to maintain the same noise robustness as in N-domino RF. There is, 

therefore, an improvement in the total read out delay of 10%. The smaller keeper 

devices result in reduced contention between the keeper and evaluation devices, which 

results in the improvement of the total read delay. The reduced keeper sizes do not 

show any significant impact on the leakage and dynamic power for P-domino RF. 

 

Table 3.2. Comparison N/P-Domino RF at typical process corner using 

“Optimized Keeper Model” for P-Domino RF  

 

Comparison Parameter N-domino RF P-domino RF

Leakage power  (LBL/GBL) 1.00 0.52

Dynamic power (LBL/GBL) 1.00 0.88

Total read out delay 1.00 0.90  

 

Table 3.3 shows the comparison of power and total read out delay between these 

2 types of arrays using the “Optimized Keeper Model” at process corners to model 

both the worst-case evaluation delay and leakage current. The total read out delay 

improvement is 10%, which is same as in the case of typical process corner. However, 

there is higher leakage power saving of 57%. 

 

Table 3.3. Comparison of N/P-Domino RF at worst process corner using 

“Optimized Keeper Model” for P-Domino RF  

 

Comparison Parameter N-domino RF P-domino RF

Leakage power  (LBL/GBL) 1.00 0.43

Dynamic power (LBL/GBL) 1.00 0.85

Total read out delay 1.00 0.90
 

 

3.5 Conclusions 

Leakage power has become a major component of the total power in advanced 

semiconductor process technologies. Local and global bit-lines of RF arrays consume 

25% of the total leakage power of the arrays. Due to the historically significant speed 

advantage of NMOS device over PMOS device, the evaluation circuits of read bit-
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lines in traditional RF arrays are composed of NMOS devices. Now, as the speed gap 

between these devices is getting narrower and PMOS devices consume less leakage 

power than NMOS devices, evaluation circuits based on PMOS devices are proposed. 

The resulting P-domino RFs show 48% leakage reduction in LBL/GBL along with 

10% speed improvement at typical process corner under the same conditions of noise 

robustness. 
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4 Content Addressable Memory for Low-Power and High-

Performance Applications 

 

Abstract 

 
A low-power 11-transistor Content Addressable Memory (CAM) cell is 

presented for high performance applications. The CAM cell design is based on the 

conventional 8-transistor one-read and one-write port Register File (RF) memory cell, 

where a read operation does not affect the cell stability. In addition, it supports single 

cycle throughput for write/read and write/CAM operations. In addition, read/write 

operations are independent of the stored and/or search data. Comparison of power 

and performance under the same conditions of noise robustness of dynamic CAM 

arrays with the proposed CAM cell against three other existing cells as well as a static 

implementation is presented. Simulation results based on a 32 nm process technology 

indicate that the proposed cell offers the lowest power and best performance 

compared to existing RF based dynamic CAM array designs.  

4.1 Introduction 

CAM arrays are essential for high-speed comparison of input search data against 

a large amount of stored data. The contents of a CAM array are searched in parallel to 

obtain the address of the stored data that matches the input data [4.1]. Most high 

performance CAM arrays operate on a single clock cycle throughput. This makes them 

faster than any other hardware and software based search systems. In addition to the 

primary commercial application of CAM arrays in network routers [4.2], they are used 

in other key applications, such as translation look-aside buffers (TLBs) in virtual 

memory systems [4.3], tag directories in associative cache memories [4.4], parametric 

curve extraction [4.5], and image coding [4.6]. In this paper, we focus on the CAM 

arrays used in low-power and high-performance general-purpose microprocessors, 

whose sizes are usually not as large as used in other applications. 

The basic CAM operation is described using a simplified block diagram shown 

in Figure 4.1 [4.7]. The figure shows a 4x3 CAM array consisting of 4 words, with 
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each word containing 3 bits of data arranged horizontally. Each CAM cell within a 

column is connected to a single pair of differential search lines (  SL1  , SL1  , SL0  , SL0 , 

etc.). Each horizontal word has a match line (ML0, ML1, etc.) that indicates whether 

the input search data and stored data are identical (a match case, or “hit”) or different 

(a mismatch case, or “miss”). In case of dynamic CAM arrays, at the start of a CAM 

operation, input search data is loaded  into  the search-data registers  and all  the match 

 

 
 

Figure 4.1. Simple schematic model of a 4x3 CAM array showing the core 

memory cells, differential search lines, match lines and encoder 

 

lines are precharged. Next, the input data is broadcasted onto the differential SL pairs 

and each CAM cell compares its stored data with the incoming data on the SLs. On a 

mismatch, the corresponding ML will discharge. If all bits along a ML match, that ML 

will remain precharged. In typical CAM arrays, since the input search data matches 

with only one or a few rows of stored data, there will be a precharge and evaluation 

switching operation in almost all of the MLs in every clock cycle. This results in a 

large amount of power dissipation in dynamic CAM arrays. If the bit comparison from 

each CAM cell in a row is combined in static gates (with NAND-NOR tree) to 

generate the MLs, then only the MLs with a match and the static gates generating 

those MLs will toggle. This low activity factor of the signals in a static CAM array 
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will result in reduced power consumption compared to the dynamic gate based CAM 

arrays. 

RF memory arrays are frequently used in high-performance microprocessors. 

These arrays offer the highest speed performance among different types of memories 

in the same process technology at the expense of area and power. RF memory cells 

typically use six transistors for their write and store operations, similar to standard 

SRAM cells. However, to enable single cycle throughput or back-to-back read/write 

performance and to achieve improved cell read stability compared to conventional 

SRAMs cells [4.8], two more transistors are added for reading data out of the memory 

cells. In addition, the transistor sizes for the RF cell are larger compared to those of an 

SRAM cell, as RF arrays use full voltage swing based evaluation compared to 

differential sensing in SRAM arrays. 

To create an RF based CAM cell, additional transistors are added to 

implement the comparison logic. The bit comparison part is logically equivalent to 

an XOR of the stored bit and the search data. In its simplest form, this can be 

accomplished by four transistors. Hence, a basic RF based CAM cell consists of at 

least 12 transistors (6 for write/store, 2 for read and 4 for compare operations). Since 

area of any memory array is dominated by its memory cells, minimization of cell 

area is one of the most important aspects in designing these cells. In this paper, 

we primarily try to reduce cell area by reducing transistor count. This implicitly 

assumes that cell area is device limited instead of wire limited. In this paper, we 

first outline the basic organization of an RF based CAM array. Next, the basic 

CAM operation is described followed by the existing designs of CAM cells. 

Then, a low-power 11T CAM cell is introduced. Finally, comparative analysis of 

the dynamic CAM arrays using proposed and existing cells is presented in terms 

of power, performance and noise robustness. In addition, comparison with the 

implementation of MLs using static gates is presented. 
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4.2 Organization of an RF based CAM Array 

Figure 4.2 shows the basic organization of the segmented CAM match line (ML) 

generation logic in  one row of a 128x64 bit RF based dynamic CAM array. 7-bit read 

 

 

Figure 4.2. Organization of an RF based CAM array. For simplicity, this figure 
omits read/write circuits 

 

and write address signals are decoded to generate 128 read and write select signals. 

For simplicity, circuits and signals associated with the read/write operation are omitted 

from Figure 4.2. Each row of CAM cells is connected to 64 differential SL pairs. The 

ML output from a subset of CAM cells is first combined into a local match line 

(LML). Figure 4.3 shows the LML organization where 8 CAM cells are connected to a 

single LML. The PMOS pull-up device shown inside the LML PCH/EVAL BLOCK 

is used for precharging the LMLs to Vcc. The actual CAM operation starts when 

LML_EVAL_CLK turns ON. If there is a CAM mismatch for any bit along an LML, 

then that LML will be discharged. Two LMLs are combined in a NAND gate whose 

output then drives an NMOS pull-down transistor connected to a global match line 

(GML). The GML signal is driven out of the CAM array using static gates. The 

operation of LML and GML resembles that of typical wide-NOR dynamic gates.  
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Figure 4.3. Local match line organization 

 

4.3 Eleven-Transistor CAM Cells 

Figure 4.4 shows the typical write, store, read, and compare sections of an RF 

based CAM cell. The write and storage portions of this cell are the same as  a standard  

 

 
 

Figure 4.4. Write, store, read, and compare sections of a CAM cell used in RFs 
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six-transistor (6T) SRAM cell. Reading from this cell is performed using the RD PDN 

BLOCK consisting of two pull-down NMOS devices. A detailed description of the 

read out path is given in [4.9]. The CAM operation is performed inside the CAM XOR 

BLOCK, which consists of 2 basic components: a) XOR component compares the 

input data on the SLs against the stored data, and b) the pull-down (PDN) component 

provides a discharge path for the ML in case of a mismatch. In this paper, different 

CAM cells are named based on the type of devices (“p” for PMOS and “n” for 

NMOS) used for implementing XOR and the PDN components. 

Figure 4.5 shows, the content of a CAM XOR BLOCK, where the XOR 

component is implemented using a pair of NMOS/PMOS passgates. This type of 

CAM cell will be referred as pn_xor_n_pdn, as both PMOS/NMOS devices are used 

for XOR and only NMOS device is used for PDN. The total transistor count for this 

cell is 13 (6 for write/store, 2 for read and 5 for compare operations).  

 

 

Figure 4.5. CAM XOR block for pn_xor_n_pdn type CAM cells 

 
Figure 4.6 shows an n_xor_n_pdn type CAM cell, where only NMOS devices 

are used for implementing XOR component. This type of cell uses 11 transistors. 

Saleh et al. proposed a similar cell in [4.10], where an extra transistor is used to 

include masking ability to each cell. The cell in [4.10] uses the same set of wires for 

both write and search lines; as a result, the write operation and its performance are 

dependent on the data stored in all the cells connected to same bit/search lines. 

Separate write bit-lines and SLs are used in our CAM array design to guarantee data 

independent write operation. 
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Figure 4.6. CAM XOR block for n_xor_n_pdn type CAM cells 

 
Figure 4.7 shows an n_xor_p_pdn type CAM cell. Here, similar to n_xor_n_pdn 

type cell, XOR is implemented using only NMOS devices; however, the pull-down 

operation is performed using a PMOS device instead of an NMOS device. This type of 

cell was proposed in [4.11] for SRAM based CAM arrays where the same set of wires 

was used for read/write bit-lines and SLs, resulting in data dependent read/write 

operations. This type  of CAM cell  offers  a reduction  in dynamic power in an SRAM  

 

 

Figure 4.7. CAM XOR block for n_xor_p_pdn type CAM cells 

 
based design due to a reduced voltage swing of (Vcc – Vtpmos) on the MLs, where 

Vtpmos is the threshold voltage of the PMOS device. Note that SRAM based CAM 

arrays use differential sense amplifiers for evaluating the ML voltage swing and hence 

do not need a full rail voltage swing. However, when these cells are used in RF style 

CAM arrays, the evaluation speed suffers badly due to the threshold voltage drop 

across the PMOS device during ML discharge. To alleviate this issue, we modified the 

LML PCH/EVAL BLOCK shown in Figure 4.3 to pre-discharge the LMLs to GND 

instead of precharging them to Vcc at the beginning of compare operation. As such 

during evaluation, in case of a miss the MLs charge to Vcc, instead of discharging to 

GND.  
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Finally, we propose a p_xor_n_pdn type CAM cell as shown in Figure 4.8, 

where the XOR operation is achieved with PMOS devices only and pull-down 

operation is performed with an NMOS device. The devices used in the XOR and pull-

down operations of this type of cell are complementary to the devices used in Figure 

4.7. Precharge and discharge mechanisms for this type of cell are same as the ones 

used for the cells shown in Figure 4.5 and 4.6. Following section describes the 

simulation setups, results and comparative analysis of dynamic and static CAM arrays. 

 

 

Figure 4.8. CAM XOR block for proposed p_xor_n_pdn type CAM cells 

4.4 Simulation Results and Comparison 

Simulations for 4 dynamic and 1 static CAM arrays were performed in a 32 nm 

process technology at the same input conditions with Vcc=1.05 V and T=110
0
C. The 4 

dynamic CAM arrays were based on the 4 types of CAM cells described in Figure 4.5 

to Figure 4.8. For building the static CAM array, the CAM cells can be any of those 4 

cells excluding the evaluate transistor in the PDN component since static gates will be 

used to generate the MLs. We selected the proposed cell type shown in Figure 4.8 to 

build the static CAM array. For a 64-bit comparison, a tree of static gates as shown in 

Figure 4.9 was used to generate each of the MLs. XOR_NODEs from 64 CAM cells 

are connected to the input nodes INi, where i=1,2,3,…64. 

 

 

 

Figure 4.9. Implementation of ML with static gates 
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The following two steps were used for setting up the simulation procedure for 

the 4 dynamic arrays: A) Design priority was given to noise robustness: keeper 

transistors were sized to meet noise sensitivity guidelines as described later in this 

section, and B) Sizes of the devices in the 6T storage block and passgates in XOR 

component were kept same in all 4 types of CAM cells, while other devices were sized 

to ensure similar rise/fall times. For the 3 types of CAM cells in Figure 4.5, 4.6 and 

4.8 (with NMOS devices in the CAM XOR BLOCK as pull-down), the keeper 

transistors were sized to meet at least the following criteria. I) LML keeper transistor 

sizing: Vcc was applied to LML_EVAL_CLK in all LML PCH/EVAL blocks. A noise 

voltage source with magnitude of 0.2* Vcc was applied to one side (SL0, SL1,…) of 

all the differential search data lines while keeping the other side (  SL1   , SL0 ,…) at 

Vcc. The keeper device was sized to guarantee the input voltage at the GML pull-

down NMOS devices to be less than 0.2*Vcc at the fast process corner. This was 

assumed low enough voltage not to trip the GML pull-down devices. II) GML keeper 

device sizing: because the interconnect between LML and input of the pull-down 

devices for GML is usually short, the noise input voltage used was 10% of Vcc. This 

noise voltage was applied to all the GML pull-down devices and the keeper device 

was sized such that the output of the gate following GML was less than 0.2*Vcc. For 

the CAM cells shown in Figure 4.7, where ML is initially pre-discharged to GND and 

charged to Vcc during a miss, the keeper devices were sized using a complementary 

setup than what was described above. For example, a noise voltage of 0.8*Vcc was 

applied to one side of all the differential search lines and 0 V was applied to 

LML_EVAL_CLK devices. Sizes of the NMOS devices inside XOR and LML 

PCH/EVAL BLOCKs were kept same for all the CAM cells shown in Figure 4.5, 4.6 

and 4.8. For the n_xor_p_pdn type CAM cell shown in Figure 4.7, the PMOS devices 

were sized equal to the complementary NMOS devices in n_pdn type cells. For the 

static CAM array, the sizes of the NAND/NOR gates were chosen such that the slope 

at their inputs/outputs match to the slopes in the LMLs/GMLs in dynamic arrays.  

Table 4.1 shows a comparison of the leakage and dynamic power consumption 

in each of the dynamic CAM arrays normalized with respect to the array using 
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pn_xor_n_pdn type of CAM cells. It also shows the normalized total match delay 

measured from the enabling of LML evaluation clock to the ML output during a CAM 

miss at the farthest CAM cell. Total area of the three arrays with 11T CAM cells is 

almost equal to each other as the difference in sizes of the keeper devices is small 

compared to the rest of the array. 

Table 4.1. Comparison of dynamic CAM arrays 

CAM Array Type
Leakage 

Power

Dynamic 

Power

Total 

Delay

pn_xor_n_pdn  (Fig. 4.5) 1.00 1.00 1.00

n_xor_n_pdn    (Fig. 4.6) 1.00 1.05 2.27

n_xor_p_pdn    (Fig. 4.7) 1.00 0.94 1.09

p_xor_n_pdn    (Fig. 4.8) 0.92 0.89 0.96  

As seen from the Table 4.1, CAM array using the proposed p_xor_n_pdn type 

CAM cell has the smallest leakage and dynamic power consumption along with the 

fastest performance among the 4 dynamic CAM arrays under the condition of same 

noise robustness. Leakage current in PMOS device is smaller than that of an NMOS 

device with same size. Since in p_xor_n_pdn type cell, XOR component is 

implemented with PMOS device only, array using type of cell shows the smallest 

leakage power. In addition, for the same reason, the LML keeper device for this array 

is of the smallest size and hence, the contention current during evaluation is smallest 

resulting in smallest dynamic power and fastest delay. The delay in array with 

n_xor_n_pdn type CAM cells is the biggest among all cell types due to the fact the 

voltage at XOR_NODE only reaches within threshold voltage of  Vcc in case of a 

miss and hence the significant slowdown of the LML evaluation. In the array with 

n_xor_p_pdn type CAM cells, the strength of NMOS LML keeper is smaller than that 

in the reference array with pn_xor_n_pdn type CAM cells; this is because the PMOS 

devices for evaluation in the CAM XOR block have smaller leakage current than those 

with NMOS devices.  

Table 4.2 shows the comparison of static CAM array with dynamic CAM array 

both based on proposed p_xor_n_pdn type of CAM cells. The total width of the all 
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devices used in static array is 39% higher, while the leakage power is 26% smaller. 

Static CAM array predominantly uses NAND gates with few NOR gates for the 

generation of MLs from compare outputs of all CAM cells in a row. Transistor 

stacking effect of the NMOS devices in the NAND gates combined with lower leakage 

current in the PMOS devices, results in smaller leakage power in static array. Since 

typically only a few MLs in the whole array have a hit, the activity factor (AF) of the 

signals in the NAND-NOR tree is much smaller than the AF of the signals in 

LML/GML nodes of dynamic arrays. The reduced AF results in smaller dynamic 

power in static CAM array. In Table 4.2, an AF of 0.20 is used, which results in 68% 

smaller dynamic power. For the static array, the match delay is measured from the 

arrival of search data input to the ML output. As seen from Table 4.2, static array is 

81% slower than dynamic array. For low-power CAM applications where performance 

degradation along with larger area of the array can be accommodated, static CAM 

array can be preferred over dynamic CAM array. 

Table 4.2. Comparison of dynamic and static CAM arrays 

CAM Array Type
Device 

Width

Leakage 

Power

Dynamic 

Power

Total 

Delay

p_xor_n_pdn  (Fig. 4.8) 1.00 1.00 1.00 1.00

Static Array    (Fig. 4.9) 1.39 0.74 0.32 1.81  

4.5 Conclusions 

With the advancement of semiconductor process technology, the future trend in 

high-performance memory cell design is to use a separate read port (RF type cell) for 

improving memory cell stability. In this paper, we proposed an 11-transistor CAM cell 

for low-power and high-performance dynamic CAM arrays. Arrays with these cells 

exhibit the best power-performance-area matrix under the same conditions of noise 

robustness. Power consumption in static CAM arrays is significantly smaller (26% for 

leakage and 68% for dynamic) than dynamic CAM arrays; however, due to their 81% 

performance degradation and larger total device width, static CAM arrays are suitable 

for low-power only applications. 
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5 Low-power Ternary Content Addressable Memory (TCAM) 

Array for Network Applications 

 

ABSTRACT 

 

A low-power Ternary Content Addressable Memory (TCAM) array using 16- 

transistor core memory cells is presented for network applications where the contents 

of the array are not updated very frequently. In the proposed array, the read and search 

operations are performed by the same circuit blocks resulting in the reduction of 

device count and area compared to conventional TCAM arrays. Total width of the 

devices in the proposed TCAM cell is 18% less compared to the currently available 

area efficient design of TCAM cells. Simulations results using a 32 nm process 

technology show that under the same robustness against noise, the proposed array 

dissipates 12% less leakage power with minimal impact on frequency of operation 

when compared to known low-power TCAM arrays. 

5.1 Introduction 

TCAM arrays are essential in any application that requires high-performance 

search operation of database, lists or patterns. In TCAM arrays, the search operations 

are performed by comparing the input search data against the entire list of entries 

stored in the memory cells in parallel [5.1-5]. The memory cells in TCAM arrays can 

store three states, ‘1’, ‘0’ and ‘X,’ while cells in binary CAM arrays can store only two 

states, ‘0’ and ‘1’. The additional state ‘X’ is also called “mask” or “don’t care” state 

which can be used for matching to either a ‘0’ or ‘1’ on the input search data. Hence, 

binary CAM arrays are suitable for applications that require exact match between 

input search data and stored data, while TCAM arrays are used for applications that 

allow both exact and partial match. TCAM arrays are ideally suited for Network 

applications such as Network Intrusion Prevention System (NIPS), Ethernet address 

lookup, data compression, user privileges, routers, etc. [5.6]. Software based search 

mechanisms are not fast enough to provide the performance required for today’s 
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network applications operating at gigabit rate. To achieve the required performance in 

NIPS for virus/worm pattern matching, another common hardware-based approach 

besides TCAM arrays is the usage of FPGAs because of their hardwire 

programmability and parallelism of operation [5.7-9]. However, the compilation and 

reconfiguration time required by FPGAs can be as large as few days [5.10]. Such long 

delay may not acceptable as new network intrusions or worms are released to the 

network more frequently. Storing the patterns into a TCAM arrays is the most efficient 

way to achieve high performance search operations along with maximum flexibility. 

All the contents of a TCAM array are searched in parallel for every single search 

operation and only one or few entries match with the input search data. This results in 

the consumption of a large amount of switching power during every search operation. 

Therefore, power reduction is one of the main design factors considered in any TCAM 

array implementation. In addition, array leakage power is becoming a major 

component of total power in current process technologies with leakage power reaching 

towards 50% of the total power [5.11]. Since leakage and dynamic power are a 

function of total transistor width, one way of reducing power is to apply logic or 

circuit optimization techniques that reduce total transistor width. In this paper, we 

propose a novel low-power and area efficient TCAM array design that uses the same 

circuit components to perform both read and search operations. This type of TCAM 

array can be used in applications where the stored data does not need to be updated 

every cycle or very frequently. Examples of such applications are NIPS, data 

compression and Ethernet address lookup, etc. 

This paper is organized as follows. We first outline the basic organization of 

conventional low-power and high-performance TCAM arrays and their memory cells. 

We then propose a new TCAM array with 16-transistor memory cells that uses the 

same circuitry for both read and search operations. Then, we present comparative 

simulation results and analysis of power and delay of the newly proposed TCAM array 

with the existing low-power TCAM arrays. 
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5.2 Conventional TCAM Arrays 

The basic TCAM operation is described using a simplified block diagram 

shown in Figure 5.1 [5.12]. The figure shows a 3x4 TCAM array consisting of 3 

words, with each word containing 4 bits of data arranged horizontally. Each TCAM 

cell is indicated by the square marked with “C”. Each cell in a column is connected to 

a single pair of differential search lines (  SL1  , SL1  , SL0  , SL0 , etc.). The SLs are 

shown by vertical lines in the Figure 5.1. The number of SLs is equal to the width of 

the array. 

 

 

Figure 5.1. Simple schematic model of a 3x4 TCAM array showing the 

core memory cells, differential search lines, read word lines, match lines 
and encoder 

 

Each horizontal word has a match line (ML0, ML1, etc.) that indicates whether 

the input search data and stored data are identical (a match case, or hit) or are different 

(a mismatch case, or miss). At the start of a search operation, all the match lines are 

precharged. Next, the input search data is broadcast onto the differential SL pairs and 

each TCAM cell compares its stored data against the incoming data on the SLs. On a 

mismatch, the corresponding ML will discharge. If all bits along a ML match, that ML 

will remain precharged. 
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Memory cells in a simplified and basic conventional TCAM cell consist of two 

storage blocks and two comparison blocks. The storage blocks consist of six 

transistors for read, write, and store operations similar to a standard 6T SRAM cells. 

However, for improved read and write stability of the storage elements in advanced 

semiconductor process technologies the read and write operations are decoupled by 

adding two more transistors for reading data out of the memory cell. Figure 5.2 

shows such a TCAM memory cell. The CAM XOR blocks perform the XOR 

between the incoming search data and the stored data. Even though two SRAM 

cells can normally store four possible sets of binary values such as ‘11, ‘01, ‘10 and 

‘00, in the case of the TCAM cell shown in Figure 5.2, only the first three sets are 

valid. The fourth one (‘00 where BIT1=‘0 and BIT2=‘0) is an invalid set as it will 

always indicate a mismatch whether the search bit at SL is ‘0 or ‘1. This basic and 

non-optimized TCAM cell has 20 transistors. While this cell implementation 

supports a single  cycle  throughput or back-to-back read and write  performance, 

 

 

Figure 5.2. Basic TCAM cell with 20 transistors 

 

the transistors used in this Register File (RF) type cell are larger than those used 

in the SRAM type cell. This is partly because RF arrays use a full voltage swing 

based evaluation compared to differential sensing in SRAM arrays. While this 
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cell simplifies the read operation with no need for differential sensing, the bit- 

lines for read are segmented out in local bit-lines (LBLs) and global bit-lines 

(GBLs), essentially creating a domino gate structure [5.13-14]. This requires 

additional metal tracks and precharge circuitry. The match lines are also 

segmented similarly to local match lines (LMLs) and global match lines (GMLs). 

Outputs from the CAM XOR blocks of a set of TCAM cells in a row are first 

combined in an LML and then a set of LMLs is combined to form a GML, and 

finally, few GMLs are combined to generate final match lines. 

There have been many attempts to reduce the transistor count and resulting 

area for the CAM XOR block. A comprehensive review of different varieties of 

CAM cells, which can be equally applicable to TCAM cells, was presented in 

[5.15]. In [5.16], the authors found the TCAM cell shown in Figure 5.3 as the 

optimum one with respect to power, performance, area and noise matrix. The 

transistor count of this TCAM memory is cell 19 with its comparison block 

consisting of 3 transistors. A similar cell was proposed for CAM arrays in [5.17], 

which had its PMOS and NMOS device types in the comparison block swapped 

from what are shown in Figure 5.3. 

 

 

Figure 5.3. Improved TCAM cell with 19 transistors 
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5.3 Proposed 16T Cell TCAM Arrays 

Figure 5.4 shows the proposed 16 transistor TCAM cell where the read and 

XOR operations are performed  by  the  same  circuit  block.  A  simplified  block  

 

 

Figure 5.4. Proposed TCAM cell with 16 transistors 

 

diagram of a TCAM array using this type of memory cells is shown in Figure 5.5. 

The main differences between this array and the conventional one shown in 

Figure 5.1 are:  a) same metal tracks are used for both read out and match output;  
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Figure 5.5. Simplified block diagram of a TCAM array using proposed 16T cells 
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also, same metal tracks are used for read word lines and search data lines; b) 

there is only one set of precharge blocks instead of two sets (one for read and 

another of match) as in conventional TCAM arrays. These above two factors save 

both area and power. A multiplexer gate is added to the input of the newly 

proposed TCAM array to connect each cell to either the read word line or the 

search data lines based on the intended operation. However, note that this new 

array design requires the data to be transposed compared to the conventional 

design if the same match out results are to be achieved. For any content change, 

the entire array needs to be updated or written. This will not be an issue for 

applications where the stored data is not refreshed very frequently. 

5.4 Simulation Results and Comparison 

Simulations for TCAM arrays with 3 different types of TCAM cells as described 

above in Figure 5.2, 5.3 and 5.4, were performed in a 32 nm process technology with 

the same input conditions with supply voltage, Vcc=1.05 V and temperature, 

T=110
0
C. The simulations were performed on a column of 64 memory cells with 8 

memory cells connected to each LBL/LML and 4 pull-downs connected to each 

GBL/GML. Similar simulation methodology can be extended to 256 memory cells in a 

column by extending 8 pull-downs to a GBL/GML and then combining two 

GBLs/GMLs together in a NAND gate to generate MLs. The maximum number of 

rows in each TCAM array sub-block depends on the drive strengths of the read/write 

word line drivers and search data drivers.  

The following two steps were used for setting up the simulation procedure and 

for comparing the results from the three arrays: A) Design priority was given to noise 

robustness: precharge and keeper transistors were sized to meet noise sensitivity 

guidelines as described later in this section, and B) Devices in the 6T storage block 

were kept same in all 3 types of TCAM cells while other devices were sized to ensure 

similar rise/fall times and output slopes. The precharge and keeper transistors for the 

local bit/match lines (LBL/LML) and global bit/match lines (GBL/GML) were sized 

to meet at least the following criteria. I) LBL/LML keeper and precharge transistor 
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sizing: Vcc was applied to the gate of all bottom NMOS transistors in the pull-down 

stack for Read and CAM XOR blocks; the source of these transistors was connected to 

ground. A noise voltage source with magnitude of 20% of Vcc was applied to the gate 

of all top NMOS transistors connected to the dynamic nodes, LBL/LML. Applying 

noise voltage to the top NMOS transistors models worst-case leakage conditions 

during the evaluation phase. The keeper and precharge device were sized to guarantee 

the input voltage at the GBL/GML pull-down NMOS devices to be less than 20% of 

Vcc. This was assumed low enough not to trip these pull-down devices. This sizing 

criterion used a 10% tighter noise input than the one used in [5.18]. II) GBL/GML 

keeper and precharge device sizing: because the interconnect between LBL/LML  and 

input of the pull-down devices for GBL/GML is usually short and local, the noise 

input voltage used is 10% of Vcc. This noise voltage was applied to all the GBL/GML 

pull-down devices and the keeper and precharge devices were sized such that the 

output of the gate following GBL/GML was less than 20% of Vcc. 

Table 5.1 shows the comparison of the total width of the all the devices in each 

TCAM cell normalized with respect to 20T TCAM cell. It also shows the normalized 

leakage and dynamic power consumption along with the normalized total match delay 

during a search operation with the mismatch at the farthest memory cell.  

 

Table 5.1. Comparison of TCAM Cells: 20T, 19T, and 16T 

TCAM Cell Type
Total Device 

Width Per cell

Leakage 

Power

Dynamic 

 Power

Total 

Delay

20T (Figure 5.2) 1.00 1.00 1.00 1.00

19T (Figure 5.3) 0.87 0.90 0.88 1.10

16T (Figure 5.4) 0.71 0.79 0.88 1.12  
 

As seen from Table 5.1, there is a reduction of 13% and 29% of total device 

width per cell in 19T and 16T TCAM cells, respectively when compared with basic 

20T cells. 16T arrays have additional area saving advantage because of the removal of 

LBL/GBL precharge and keeper circuits required in 20T and 19T arrays for their read 

operations. In addition, there is a reduction of 10% and 21% leakage power in 19T and 

16T TCAM arrays, respectively when compared with basic 20T TCAM array. There is 



 

 

71 

also a saving of 12% dynamic power in 19T and 16T arrays. The reduction in leakage 

and dynamic power is due to smaller total transistor width. The total match delay 

increases by 10% and 12% for the search operation in 19T and 16T arrays, 

respectively; the increased delay for the 19T array is due to the additional pass gates 

between SLs and the domino pull-down stack. The delay increase for the 16T array 

compared to the 20T reference array is because of the additional mux gate to select 

between read word line and search data. While the proposed 16T array is 12% slower 

than 20T array, it offers a significant reduction in overall area and power consumption 

as required in low-power network applications.  

Comparison of 16T cell array when normalized with 19T array is shown in 

Table 5.2. It shows that the proposed 16T array has 18% and 12% saving in total 

device width per cell and leakage power, respectively with only 2% degradation of 

performance. 

 

Table 5.2. Comparison of TCAM Cells: 19T and 16T 

TCAM Cell Type
Total Device 

Width per cell

Leakage 

Power

Dynamic 

Power

Total 

Delay

19T (Figure 5.3) 1.00 1.00 1.00 1.00

16T (Figure 5.4) 0.82 0.88 1.00 1.02  

 

5.5 Conclusions 

Reduction of total power and area are two major factors in the design of TCAM 

arrays. In this paper, we proposed the design of a TCAM array for low-power network 

applications where the content of the array is not updated very frequently. The 

proposed array uses a novel 16T memory cell with 18% reduction in total device 

width per cell when compared with the known optimized cells for such applications. 

This design consolidates the circuitry for read and search operations and shares the 

same read out and match out lines. From the simulation results, arrays using these 

cells provide a saving of 12% leakage power with only 2% degradation of 

performance while maintaining same level of robustness against noise. 
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6 Conclusions 

Dynamic circuits are essential for implementing wide-NOR logical functions 

mainly because of their significantly higher performance and lower area when 

compared with static circuits. In modern microprocessors, to achieve single cycle 

throughput for read and write, Register Files (RF) memory arrays are commonly used. 

These RF arrays perform their read operation using domino gates, which are a form of 

dynamic circuit design style. Content Addressable Memory (CAM) arrays are used for 

searching data in single cycle. CAM arrays are commonly used in many applications 

such as TAG arrays, network applications, etc. The match operation of high-

performance CAM array is also performed with domino gates. The performance and 

area advantages of dynamic gates come at a cost of higher power and lower noise 

robustness. With the advancement of process technology, the leakage current in 

transistors continues to rise, worsening the total power and noise immunity in dynamic 

circuits. In this dissertation, several methods and techniques are presented to design 

low-power dynamic circuits used in high-performance RF and CAM arrays. 

6.1 Thesis Contribution 

Chapter 2 showed the significance of bit-line organization of RF arrays on their 

power, performance and noise characteristics. In this chapter, design of two different 

bit-line organizations were studied which were found to be both power-efficient and 

capable of running at higher frequency. As newer process technologies are released 

with higher leakage current, bit-line organization of RF arrays has to be investigated 

for optimum power and performance while maintaining noise robustness.  

Chapter 3 proposed P-domino RF arrays where the read evaluation circuit was 

based on PMOS devices, instead of NMOS devices as in traditional design of RF 

arrays. With the latest advancements in semiconductor process technology, delay 

performance of PMOS devices has continuously been improving compared to that of 

NMOS devices. In addition, PMOS devices have smaller leakage current than NMOS 

devices. The proposed P-domino RF array showed 48% leakage reduction in 
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LBL/GBL circuits along with 10% speed improvement when compared with N-

domino RF under the same conditions of noise robustness. 

Chapter 4 proposed an 11-transistor CAM cell for low-power and high-

performance dynamic CAM arrays where the match line outputs were constructed 

using domino gates. Arrays with these cells exhibited the best power-performance-

area matrix when compared with three other dynamic CAM arrays designed with 

existing CAM cells under the same conditions of noise robustness. The read/write 

operations in CAM arrays using these cells are independent of the data stored in cells 

within the same column. This chapter also investigated the implementation of match 

lines with static CMOS gates using NAND-NOR trees. Power consumption in static 

CAM arrays was found to be significantly smaller (26% for leakage and 68% for 

dynamic) than dynamic CAM arrays; however, due to their 81% performance 

degradation and 39% larger total device width, static CAM arrays will be suitable for 

low-power only applications. 

Chapter 5 introduced the design of a TCAM array for low-power network 

applications where the content of the array is not updated very frequently. The 

proposed array used a novel 16-transistor memory cell with 18% reduction in total 

device width per cell when compared with known optimized cells. In the proposed 

TCAM array design read and search operations were performed using the same 

circuitry. In addition, the same wiring was used for read out and match out lines. From 

the simulation results, TCAM arrays using the proposed cell showed a saving of 12% 

leakage power with only 2% degradation of performance while maintaining same level 

of robustness against noise. 

6.2 Future Work 

With the advancement of process technology scaling, transistors are getting 

faster and smaller; however, due to continued demand for increased performance from 

memory arrays, dynamic circuits remain to be the circuit design style of choice, even 

with their higher power consumption and lower noise immunity compared to static 

circuits. Additionally, with higher leakage current and wider process variations in the 
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advanced process technology, the trend in memory design is to deviate from small 

signal differential sensing and adopt large signal sensing with the use of domino style 

dynamic circuits. However, leakage power and noise sensitivity of dynamic circuits 

are directly impacted by the increase in leakage current, requiring a continued research 

on achieving low-power and noise robust design of dynamic circuits. 

 Since the design proposals made on Chapter 3, 4 and 5 were based on 

simulation results, a definite future work would be to implement those designs in test 

chips and determine the correlation between simulation results and measured data 

from test chips. The RF arrays proposed in Chapter 3 used P-domino or PMOS-device 

based domino gates in both LBL and GBL for their read out operation. Static NAND 

gates were used between LBL and GBL for the GBL domino gate to have stable 

timing inputs. This LBL/GBL design can be modified to improve the performance of 

the read out operation further, by removing the static NAND gate and using P-domino 

for LBL and N-domino for the GBL and vice versa. 

 Typical applications such as high-performance microprocessors contain a large 

number of RFs arrays with varying number of read/write ports along with different 

logical size of these arrays. A complete and accurate mathematical model of power, 

delay, noise sensitivity and area of these arrays as a function of process parameters 

and number of rows/columns would reduce the total design time by predicting the 

memory cell size, bit-line organization and keeper device sizes for tuning the power-

performance-area matrix under varying noise environments. 

 The design of the proposed TCAM array with 16T TCAM cell can be extended 

to design a binary CAM array with 10T CAM cell. This new CAM cell will have the 

lowest total transistor count of any published RF based CAM cells. However, its use 

will be limited to cases where comparisons with “don’t care” conditions are not 

present and where the content of the array is not updated very frequently.  
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