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Abstract 
The emerging Phase Change Memory (PCM) technology 

exhibits excellent scalability and density potentials. At the 
same time, they require high current and high voltages to 
switch cell states. Their working voltages are provided by 
CMOS-compatible on-chip charge pumps (CPs). Unfortu
nately, CPs and particularly those for RESET, have a large 
parasitic power (a dominant component in total power loss) 
during operations, which significantly degrades their energy 
efficiency. In addition, CPs seriously suffer from the Time
Dependent Dielectric Breakdown (TDDB) problem due to 
their boosted operation voltage. To maintain a reasonable 
lifetime of CPs, existing solutions actively switch them on per
operation basis, resulting in large performance degradation. 

In this paper, we address the above issues through two 
designs - ReseCSch (RESET scheduling) and CP _Sch (CP 
scheduling). ReseCSch schedules when to peiform a RESET 
for different cells upon writing a PCM line. It significantly re
duces the power loss, and peak working power of RESET CPO 
CP _Sch incorporates a fast READ CP design to provide fast 
charge-up time for reads and minimize performance penalty. 
Our experimental results show that on average, 70% of power 
loss for RESET CP can be reduced; and pe rformance loss can 
be reduced from 16% to 2% while achieving a 16% improve
ment in reliability. 

1. Introduction 
Phase Change Memory (PCM), a promISIng non-volatile 

memory, is projected to replace a substantial portion of tra

ditional DRAM in future memory hierarchies [20, 32, 3 8] .  

PCM has excellent scalability, zero cell leakage, and fast read 

speed close to that of DRAM. The limitations, however, in

clude much longer write latency and higher write power than 

DRAM writes. The current required to program a PCM cell 

is orders of magnitude higher than that for a DRAM cell. 

High power requirement has created serious challenges in 

power delivery as well as write concurrency. A flurry of 

prior work has been proposed to suppress or manage the write 

power [5,  1 1 ,  1 5 , 38 ] ,  

A parallel effort to  power management is  on  increasing 

PCM device density. High density can be achieved through 

using a smaller access device, such as bipolar junction tran

sistor (BJT) and diode, as opposed to a MOS transistor, to 

supply current into PCM cell. Recent PCM innovations use 

a diode as the access device to achieve a minimum of 4F2 
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cell size as compared to 7F2 DRAM cell size [6, 2 1 ] .  Such 

high density can be further multiplied by exploiting the large 

resistance distance between fully crystalline and fully amor

phous states of PCM, forming multi-level cells (MLC) which 

reduce cost per bit by storing more than one bit per cell. 

High power consumption has become a major challenge in 

designing PCM based memory systems [ 1 1 ,  1 5 ] .  The work

ing voltage needs to be boosted from 1 . 8V (Vdd) to 2. 8V, 3 .0V 

or even 5 .0V for BJT-, MOS- and diode-switched PCM re

spectively [ 1 ,  17 ,  2 1 ] .  Those high voltages are provided by 

different types of CMOS-compatible on-chip charge pumps 

(cps) [26] , which convert a lower input voltage to higher out

put voltages. There are major limitations to CPs in PCM chips. 

First, a CP typically consists of cascaded stages of large capac

itors and wide transistors. Each stage elevates the voltage by 

a certain amount. Charging and discharging consume large 

parasitic power due to parasitic capacitance proportional to 

those large capacitors [26, 35] . In addition, the leakage power 

of cps is usually quite large as a result of the wide, strong 

transistors and high voltages on internal nodes and the out

put [35] . Also, cps dissipate significant power on its own 

peripheral circuits such as controls, drivers, clock generation 

and distribution. The parasitic, leakage and peripheral circuit 

power are significant sources of power loss of CP. We term 

it was t e d  powe r  in this work. This is also why the power 

conversion efficiency of CP, defined as the ratio between out

put and input power, is usually very low. As low as 20% 

of efficiency has been reported for a CP with current load in 

several PCM chips
l 

[2 1 ] .  To supply enough output current, 

either larger input current of a single CP is needed, or more 

CP units are necessary. As a result, cps consume large chip 

area, e.g. , ",20% [2 1 ] ,  as well. Our evaluation shows that 

the total power dissipated by the CPs accounts for more than 

8 1  % of the total memory power, where 60% is due to just the 

parasitic power. Hence, it becomes increasingly important to 

design effective schemes to reduce power loss of cps. 

The second limitation of CP is its impact on performance 

due to its long charge latency. Due to the huge load ca

pacitance on the power supply network, charging a CP to a 

target output voltage takes excessive amount of time, e.g. , 

200",300ns [ 17 ,  2 1 ] .  Recent PCM chip demonstrations [6, 2 1 ,  

1 7 ]  discharge CPs forcefully at the end of each memory access 

and charge them up again at the beginning of each request. 

I A Cp with capacitive load has much higher efficiency, which will be 
discussed in Section 3 . 1 .  



The main reason for frequent switching of CP is to maintain 

its reliability [ 1 7 ] ,  despite the significant performance and en

ergy loss. This is because as technology scales, the thickness 

of the gate oxide becomes smaller and hence, the operation 

voltage of transistors must be lowered to mitigate the time
dependent gate oxide breakdown (TDDB) [ 1 3 ] .  However, 

cps are stressed under higher-than Vdd voltages while work

ing, and thus, are more vulnerable to TDDB. Hence, switch

ing off CPs after each operation can greatly reduce the time 

it is stressed, as memory chip idle time predominates over 

busy time. Our evaluation will show that an average of 16% 

of  performance degradation with 0 .5% of  energy increase can 

be observed from such a per-operation switching scheme, in

dicating a significant trade-off between performance, energy 

and reliability. 

In this paper, we propose techniques to tackle the afore

mentioned main limitations to PCM CPs. Our contributions 

are as follows. 

• We propose RESET scheduling, a scheme that significantly 

reduces the demand for large-sized RESET cps. This is 

achieved through reducing the peak power in writing a 

memory line via scheduling the high-power RESET opera

tions over the entire duration of the write, without prolong

ing the write latency. Such scheduling effectively dimin

ishes the RESET CP area and wasted power by 70% . 

• We found that frequent switching of cps on per-operation 

basis has little impact on energy consumption because the 

charge and discharge energy is offset by the leakage en

ergy saving during off time of the CP. However, significant 

performance loss ( 1 6%) is observed due to the charge-up 

latency upon arrival of new requests, especially the reads 

which are on critical path. We therefore propose a fast 

charging scheme for read CPs, which is 4x faster than the 

naIve charging scheme. 

• We provide detailed CP modeling, and simulated our pro

posed techniques on MOS-, BJT-, diode-switched PCMs. 

We also tested both SLC and MLC structures. The overall 

reduction in wasted power are observed to be between 37% 

and 49% for different access devices or cell designs. These 

results prove that the proposed techniques are effective and 

generally applicable to different PCM designs. 

2. Background 
2.1. High Density PCM 

High density PCM can be achieved by using a smaller ac

cess device (Figure 2(a)) with a compact structure because the 

area of the access device dominates the size of a cell. Three 

types of access devices have been implemented in PCM pro

totypes: MOS [ 1 7 ] ,  bipolar junction transistor (BJT) [ 1 ]  and 

diode [2 1 ] .  They, in that order, create decreasing PCM cell 

sizes, as shown in Figure 1 (a). As a result, a PCM bank built 

with MOS access device will be larger than with BJT. And 

a diode-switched PCM array will be the smallest. A diode

switched PCM achieves a minimum of 4F2 cell size. The cell 

has a vertical structure including a bit-line, a top electrode 

contact, a phase-change material such as GST, a self-aligned 

bottom electrode contact and a diode [2 1 ] .  We modeled a 

1 GB PCM following a prototype [6] with those three differ

ent access devices, and measured their area using NVsim [8] . 

The results, shown in Figure 1 (b), are all normalized to the 

area of the MOS-switched PCM array. As we can see, the 

BJT-switched PCM array is only 63 % of the MOS-switched 

array in area. The diode-switched array further reduces it 

to 44% . A multi-level cell (MLC) with a diode (MLC-D io)  

achieves the minimum area: only 26% of  the original area is 

required. Due to such great density advantage, many recent 

PCM prototypes and products adopt diode-switched PCM 

cell design in 58nm [7] (20 1 1 )  and 20nm [6] (20 1 2). 

2.2'---::r--�--'--"T18 � 1.0�=----c=J CP 2.0 � � ... 16n .;; 0.8 
_ 1.8 14", 
2:. 1.6 ... 12 = � 0.6 

1 4  ___ Vth - 10!!! :g 0.4 ;5 . ___ Cell Size 8
6 _� >Y > 1.2 EO 2 1 0  ... 4 _"" � . . -... - 2 - ZO 0.0 0.8 " ... CMOS BJT Diode CWlO� �l\ Oiod�\..c-OiO 

(a) V'h and cell size (b) 1GB chip area 
Figure 1 :  Trade-off between V;h and chip density. 

However, a diode has the highest V,h among the three ac

cess devices [2 1 ] ,  as also shown in Figure 1 (a). Additionally, 

diode-switched PCM has a larger parasitic resistance on its 

bit-line in high-density PCM array architecture [6] . Hence, 

it needs higher read and write voltages than MOS- and BJT

switched PCM, which means that larger cps for reads and 

writes are necessary to overcome the V,h and parasitic resis

tance. The area of the corresponding CP for three different 

devices are also shown in Figure 1 (b). Regardless of the re

duction of the entire chip area, the area of CP enlarges more 

than two times from MOS-, to diode-switched arrays. CP oc

cupies 43% of the array area in MLC-D i o .  As will be intro

duced later, on-chip CP has low conversion efficiency (only 

"'20%). When the area proportion of CP grows, more leak

age power is dissipated and higher power attrition appears. 

This is the problem we will address in this work. 

2.2. Multi-level Cell (MLC) PCM 

Q; SET :: � 

Reset 

IE---!='-..:.!.-Tse Time 
(b) Asymmetric write (e) Iteration-based write 

Figure 2: PCM basics. 

The phase change material used in PCM, such as GST, 

has two stable states - fully crystalline and fully amorphous 

states. The resistance difference between these two states is 

often more than 104 x apart [33] . Multi-level cells (MLC) 

can thus be implemented through creating multiple interme

diate states to represent more binary bits, e.g. four states for 

two bits. The intermediate states are partially crystalline and 

partially amorphous material states. 
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There are two PCM write operations - RESET and SET. 

The RESET is performed by applying a large but short pulse 

to the GST material and converts it from crystalline to amor

phous state. The SET is performed by applying a smaller 

but longer pulse for the reverse state transition, as illustrated 

in Figure 2(b). Such an asymmetric write characteristic indi

cates that the PCM power consumption is largely determined 

by the RESET operation. Its high pulse also requires a signif

icantly larger cp than the SET and read operations do. 

Programming an MLC requires multiple steps to reach 

a target resistance level due to the significant write non

determinism caused by process variations and material com

position fluctuation [2, 24] . Also, a cell value is represented 

by a resistance range rather than a specific point. An iteration

based write scheme is adopted to program a cell into a tar

get resistance range, as illustrated in Figure 2(c). This is 

the widely used Program-and-Verify (P&V) scheme [25 , 27] 

that first applies a RESET pulse to place cells that need to be 

changed into similar initial states, and then applies a number 

of SET pulses, verified by reads in each iteration, to ensure 

the write accuracy. 

Recent studies revealed that writing different cell values re

quires different numbers of iterations [30, 16 ] .  In 2-bit MLC, 

for example, writing 00 can finish immediately after the RE

SET iteration. Writing 01 or 10 requires more iterations than 

writing 00 or 1 1 .  It is this property that we will leverage to de

velop a scheduling scheme to lower the peak power during a 

write. Also, based on the cell values to be written, a PCM line 

write may require different numbers of iterations at different 

times. We will adopt the same scheme in this paper. Detailed 

parameters are reported in Section 5 .  

2.3. The Baseline Memory Architecture 

one bank (interleaved across 4 chips) 

B;�:e � � � � � � � � 
IGcpl� � 

��J��������� 2 ranks per channel 
LCP: Local Charge Pump; GCP: Global Charge Pump 

Figure 3: The basel ine MLC PCM-based memory system .  

The baseline memory architecture (as shown in  Figure 3)  

is  derived from a previous MLC PCM model [ 1 5] and a 

new memory interface LPDDR2-NVM (Low Power DDR2 

for Non-Volatile Memory) [6] . Previous work [ 1 5] adopted 

eight 8-bit PCM chips to constitute eight banks on one DDR2 

DIMM. LPDDR2-NVM interface only supports 8, 1 6  and 32 

bits wide chips. In this paper, we set chip width as 1 6-bit. 

Hence, there are now four chips per rank, and each logic bank 

spreads across four chips. The channel adopts the dual line 

package (DLP) architecture [22] , which has single LPDDR2-

NVM package on both sides of the board. One LPDDR2-

NVM package has four 1 GB chips, as with the prototype 

demonstrated in [6] . It was also demonstrated that one chip 

can support 128 parallel RESETs independently. In this pa

per, we assume one MLC PCM chip can support 140 concur

rent writes, similar to that in [ 1 5 ] .  We will prove that we can 

reduce this need by 70% . 

Due to non-deterministic MLC PCM write, a bridge chip is 

integrated on-DIMM to regulate the P&V iteration levels [9] . 

Regulating MLC write by the bridge chip instead of the mem

ory controller minimizes sub-optimal utilization of the mem

ory bus. Finally, a large DRAM cache for the PCM memory 

is assumed, which can buffer write-intensive lines to benefit 

PCM in both endurance and power. 

We also adopt two levels of cp design as proposed in [ 1 5] :  

local cp (LCP) and global cp (GCP). The latter was intro

duced to distribute power according to the need of each indi

vidual chip. In summary, we adopt a state-of-the-art baseline 

where cps are designed to ensure that the available power is 

efficiently used. 

3. Charge Pump Basics and Modeling 
Recent advances in PCM incorporate both on-chip and off

chip power supplies [6, 17 ,  2 1 ,  23] .  Even though external 

power supply was available, on-chip CPs still predominate, 

as demonstrated in [ 1 ,  6, 7, 12 ,  1 7 ,  2 1 ] .  This is because: 1 )  

PCM requires multiple boosted voltages in different compo

nents of a chip, and hence, single external power rail is in

sufficient to achieve that. 2) Memory chips only have tens of 

pins, in contrast to hundreds of them in microprocessors [ 1 4] . 

Adding more pins for multiple external power rails directly 

increases the cost of the chip and reduces the already thin 

profit margin for memory chips. 3) The write voltages need a 

fast and fine-grained control (for pulse shaping, location com

pensation [37] , etc.) which cannot be achieved via external 

power. And 4) fully depending on external power supply is 

not a portable solution because different vendors may require 

different voltage boost levels. Hence, we focus on optimizing 

on-chip CMOS-compatible CPs and present first the models 

used in this paper. 

3.1. CMOS-compatible On-chip Charge Pumps 

A CP converts the supply voltage Vdd to a DC output voltage 

Vo,,{ higher than Vdd. CMOS-compatible CP consists only of 

capacitors and switches, so it can be integrated on-chip easily. 

A CP has several stages, each of which elevates the voltage 

a little, as shown in Figure 4(a). Adding more stages can 

raise the output voltage to a target level that is multiple times 

higher than Vdd [26] . 

There are two types of cps [26] : one with purely capaci

tive load and the other with a current load. The former does 

not need to supply any current and only provides a target out

put voltage, which can be applied on X/Y decoders to reduce 

the parasitic resistances of the transistor switches along the 

read/write current path [ 17 ,  6] . It has a negligible area over

head and almost perfect power conversion efficiency, e.g. , 

95% [ 1 0] . The latter not only boosts its output voltage to 

a target level, but also supplies a large amplitude of current, 



(b) A multi-unit CP system (e) A CP system for a PCM array 
Figure 4: Charge pump basics. 

which are essential for READ, RESET and SET operations. It 

incurs large die area overhead and has low power conversion 

efficiency, e.g . ,  20% [21]. Figure 4(c) shows a cp system [21] 
for a diode-switched PCM chip using both types of cp. The 

capacitive load pumps are used for X/Y decoders. The READ, 

SET, and RESET operations require voltages of 3. 0V, 3. 0V 
and 5 .0V respectively, in contrast to a 1 . 8V Vdd. They require 

current load pumps which have low efficiency and large die 

area overhead. When current load CPs step up the voltage 

for incoming reads or writes, they are effectively capacitive 

load cps which have high efficiency. However, when a read 

or write begins to drain current from the CPs, the efficiency 

drops drastically because it is a strong decreasing function of 

the load current [35]. 

When there is a need for more output current, e.g. , writing 

multiple MLC cells, either a larger CP is needed and/or more 

modular pump units are needed such that the aggregated cur

rent matches the demand for writing multiple cells. In this 

paper, we choose to integrate modular CP units for their flexi

bility in adjusting voltage output, as with recent chip demon

strations [21, 17, 6]. The organization of a write CP can be 

viewed in Figure 4(b). When different numbers of pump units 

are enabled (by the Eni signal), the circuit can support x 2, 
x4, x8 and x 16 concurrent cell writes. In [21], one pump 

unit can RESET two cells. We share the same assumption in 

this paper. Finally, a discharge unit is also necessary. It is 

responsible for discharging pump units to Vdd. The discharge 

process is an atomic operation that cannot be interrupted. 

3.2. Charge Pump Modeling 

A CP with a current load is both a power supplier and con

sumer. Besides the power delivered to the output network, 

part of the input power is consumed on parasitic effect, and 

part of the input is leaked away. Also, the peripheral cir

cuits that support the CP core circuits drain considerable 

power. The parasitic power is the power consumed on charg

ing/discharging the internal parasitic capacitance that does 

not contribute to the output [26, 35], and is proportional to 

the capacitance of internal pumping capacitors [26]. The par

asitic power is a dominant factor in the wasted power of a CP 

since the internal capacitors are very large [26]. The leakage 
power is the power leaked from supply to ground [35]. Leak

age is also quite large as a result of very strong transistors 

and high voltages on output and internal nodes. The periph
eral power is the power consumed on supportive circuits such 

as controls, drivers, clock distribution, etc. 

We follow the latest previous work [26] on CP modeling. 

Since the model does not consider transistor leakage, we also 

built CPs for different operations in HSPICE and measured 

the leakage power which is then integrated into the analytical 

CP model. The HSPICE implementation with design parame

ters was also used to verify critical metrics against the model. 

The critical metrics are area, wasted power, charge and dis

charge latency, and charge energy. All metrics are functions 

of N, the number of stages used in a pump unit (Figure 4 

(a». We will summarize their analytic models respectively 

and then provide a design space exploration on those metrics 

for an optimal selection of N. 

Total current supply. The total current is modeled as: 

TC= [ (N+1)+a. (N ) �2 
V 

.Vdd] ·IL (1) + 1 . dd - out 

where, a is the constant proportional factor between the bot

tom plate parasitic capacitance and the pumping capacitance. 

IL is the load current, which is all the current that drains 

from the CP output that can cause the attenuation of CP out

put voltage. IL mainly consists of three components: 1) the 

dynamic current used by the load, i.e. , read/write current ap

plied to PCM cells, denoted as IL-dynamic. This is the current 

for doing useful work; 2) the leakage of the load, denoted as 

IL-output-Ieak; and 3) the leakage of the CP itself, denoted as 

IL-CP-Ieak. Hence, 

IL = IL-dynamic + IL-output-Ieak + IL-CP-Ieak (2) 

Wasted power. The wasted power is calculated as: 

WP = TC X Vdd - Vout x IL-dynamic (3) 

which includes parasitic power and the leakage power from 

both the output load and the internal CP circuit. 

Area. The die area of a CP is proportional to the maximum 

current it can provide [26]: 

N2 IL 
Atot = k· - (4) (N + 1)· Vdd - Vout f 

where Atot is the total area of the CP, k is a constant that 

depends on the process used to implement the capacitors, f 

denotes the working frequency of the CP, Vdd is the supply 

voltage, Vout is the target programming voltage, and N is the 

number of stages in a pump unit as shown in Figure 4 (a). 

Charge/discharge latency. The charge and discharge la

tencies indicate the time spent in raising the output voltage 

to the target voltage level, and from the target voltage to Vdd, 

respectively. For the same CP configuration, the higher the 



output voltage is, the longer time the cp spends in charg

ing/discharging.The charge latency, tr, is calculated as: 

t,=T.N2(-.S...+�).ln(N+1-vxo) (5) 
CTot 3 N+1-vx 

where T is l' the period of a CP. CL represents the total capac

itance load. CTa/ means the total pumping capacitance. VxO is 

initial voltage and Vx is target voltage. 

Charge energy. The charge energy is the energy consumed 

during CP rise time. And it is defined as: 

1 t, 
Q(t,) = (N + 1)( 

3CTot +CLl(vx - vxO) + aCTotVdd T (6) 

With all parameters considered, the model details of CPs are 

summarized in Table 4 in Section 6 .  

From equation (3)-(6), we can see that all essential metrics 

are functions of N. To achieve an optimized design, we per

formed a design space exploration on N. Figure 5 exhibits the 

results for RESET and READ CPs in our baseline. The SET 

CP design follows the READ CP as they have the same output 

voltage. We normalize all values to the minimal value of the 

corresponding metric for ease of comparison. For the RESET 

operation, We select N=3 as the stage number for the RESET 

CP for its low overhead in all metrics including wasted power 

(Wasted), charging latency (Tcharge) and energy (Echarge). 

This setting will be used in our baseline design, which will be 

compared against our proposed technique that uses a hybrid 

design with two different stage numbers for overall power and 

energy savings. For the READ CP, the smallest overhead and 

the best performance metrics are obtained, when the stage 

number is one (N=l). Therefore, we adopt a single stage CP 

design for both READ and SET operations. 
-D- Area -0- Wasted ---b- Tcharge --v- Echarge 

.!: 4 .!: 5,----'-------=--� n�oH� z RESET CP stage num z READ CP stage num 

Figure 5: The RESET and READ CP model ing.  

Verification and leakage power. We implemented an ac

tual CP design [26, 35] in HSPICE with target requirements 

and the optimal stage number calculated above, to verify the 

metrics against the model. The CPs are implemented using 

high voltage transistors and MaS-capacitors. We measured 

the leakage power and summarized them in Table 1 .  The 

leakage power of each specific CP is proportional to its area 

and stage number, since more stages incur a larger number of 

transistors. Compared to our HSPICE simulation results, the 

metrics calculated from equation (3)-(6) have less than 10% 

deviation. We used values obtained from the model in our 

designs and evaluations. 

CP Type 

Leakage Power (mW) 
Table 1 :  Leakage power for al l  types of CPs. 

CP reliability under high output voltage. The reliabil

ity is an important issue for CP design. Previous works [ I S, 

19, 26] demonstrated the occurrence of gate-oxide overstress 

in cps, which leads to severe threat to reliability. In recent 

chip demonstrations, all CPs discharge their high output volt

age forcefully to Vdd [ 1 7] during idle period when there is 

no request. The active discharging operations lead to reduc

tion of standby currents. More importantly, it maintains the 

device reliability of a CP by minimizing its duration under 

high voltage exposure [ 17 ] .  The transistor gate oxide of CPs 

is particularly vulnerable under long application of high volt

age. The breakdown is caused by formation of a conducting 

path through the gate oxide to substrate due to electron tunnel

ing current. This is the so called time-dependent gate oxide 

breakdown (TDDB) [ 1 3 ] .  The relationship between voltage 

and TDDB duration can be calculated by [4] : 

TDB =A·exp(-y· Vv) (7) 

where, TD8 is time to failure. A and r are constant. And V 

denotes the operating voltage. As we can see, TD8 is inversely 

exponentially proportional to the root of voltage, so a slight 

growth of voltage results in significant degradation on time to 

TDDB failure. 

A CP could be built such that its transistors are much less 

high-voltage stressed. Unfortunately, such CPs have much 

more stages than our baseline design, since it will have much 

larger area, lower power efficiency, and higher latency. This 

was investigated by the design space exploration shown in 

Figure 5. As we will show in Section 4 . 1 ,  a CP with reliabil

ity management will improve its lifetime by 9 x. Otherwise, 

9x more CPs would have been adopted to achieve the same 

reliability, which is impractical giving that the current cps al

ready occupy ,,-,30% of the chip area (Figure l (b)). Therefore, 

we chose the design that yields the best area/leakage/latency, 

and manage its reliability dynamically. 

4. Proposed Designs 
4.1. Motivation 

Besides the wasted power dissipated in cps, the memory in

terface, peripheral circuit of the data arrays also dissipate sig

nificant leakage power. Previous work proposed to power 

gate peripheral circuits upon completion of an operation with 

small performance penalty [3S] . As we will show next that 

the wasted power in CP predominates the leakage dissipated 

in the peripheral circuits of data arrays, especially when large 

CPs are used for high-voltage operations such as RESET. 

Figure 6 shows a power � 1400 -----"I==-lp-a -ra-si-tic'-
breakdown of a diode-

S 1200 
E 1000 c::::::::J Dynamic 

switched PCM chip (22nm � �gg _leakage 
SGB 2-bit MLC) in our 3 400 
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..... 

dynamic and wasted power \>-tSt1 c'? St1 C�tjl.O c'? Otnef 
(mainly parasitic and leak-

age power) for the RESET Figure 6: Power breakdown. 

CP, SET CP, READ CP, and all remainder components 

(Other) including the data bank itself, peripheral circuits 

and the LPDDR2 interface. The CP for X/Y decoders has 



only capacitive load and hence dissipates negligible power, 

compared to other components. To obtain those results, 

we modeled the PCM chip architecture following mainly 

a recent prototype [6] . The bank itself was modeled using 

NVsim [S] . The LPDDR2 modeling is based on [23 , 22] . 

More experimental parameters can be found in Section 5 .  

I t  is clear from the results that the bulk o f  power dissipation 

goes to all cps, especially the RESET CP, due to their large 

target output voltages, but low power conversion efficiency. 

The V dd of the PCM bank is I .SV [6] , and the LPDDR2 inter

face has 1 .2V V dd [22] , but the working voltages for READ, 

SET and RESET are 3 .0V, 3 .0V and 5 .0V respectively. Also, 

only around 20% of conversion efficiency (Dynamic power / 

(Dynamic power + Wasted power) ;::::; 20%) was observed for 

RESET CP, similar to that reported in [2 1 ] .  As a result, most 

of the power is wasted on CPs. The larger the CP is, the more 

wasted power it has. 

Moreover, the total power dissipated by RESET cps is 

more than 50% of the total PCM chip power. This is not only 

because the RESET by itself has the highest power require

ment, but also because its CP is designed to accommodate 

the worst case scenario where there are multiple concurrent 

RESETs. More pump units are required to satisfy such peak 

power demand. And hence, a larger area is required and more 

power waste is generated. If the peak power demand is re

duced, we can then use smaller CPs to achieve both area and 

wasted power reduction. This is one objective of our design 

in this work. U�IJI.'�I.:'I �I� !111�al z 
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Figure 7: TDDB endu rance and performance. 

Next, in order to understand the importance of the reliabil

ity of the CPs under a per-operation switching (PaS) scheme, 

we compared its TDDB against the scheme that always keeps 

CP on. Figure 7(a) shows the TDDBs of the latter scheme, 

normalized to pas, for RESET (RT_CP), SET (ST_CP), and 

READ (RD_CP) cps respectively. As we can see, the life

times of cps in general degrade to less than 25% of pas, 

which proves the necessity of per-operation switching. How

ever, pas will inevitably experience large performance degra

dation, as evaluated in Figure 7 (b) (experimental setting in 

Section 5). "CP-off" means that cps are turned off as soon 

as an operation is finished, and turned back on when a new 

request arrives. When CPs are turned off, the LPDDR2 in

terface, peripheral circuits and data banks are all turned off. 

LPDDR2 interface has a short wakeup time as it does not 

have on-die termination and delay locked loop, and is con

sidered as the most power efficient interface [22] . Peripheral 

circuits and data banks do not introduce significant power-on 

latency [3S] . CPs, on the other hand, have long charge and 

discharge latencies that override other power-on overheads. 

In the figure, "CP-off" is normalized to "CP-on", and the 

performance loss is between 6.4% to 1 5 % .  Such degradation 

would increase the overall energy consumption as the appli

cations now run slower. Hence, our second objective is to 

develop a fast power-on scheme of cps and combat such sig

nificant performance loss. 

Our solution. In this paper, we focus our design on op

timizing the uses of cps via a two-step approach. We first 

reduce the peak power requirement of an MLC PCM so that 

the RESET CP can be shrunk significantly. Then, we reduce 

the power-on time of performance critical CPs. The first step 

reduces the magnitude of the wasted power in RESET CPs 

while the second step minimizes performances loss. We will 

elaborate the design details of our two-step approach in the 

following sections. 

4.2. Step I: Intra-write RESET Scheduling (ReseCSch) 

The P&V programming strategy for writing an MLC PCM 

line starts with a RESET iteration, followed by a non

deterministic number of SET iterations. In particular, the 

number of SET iterations is cell value dependent [ 1 6] .  We 

use a 2-bit MLC as an example for illustration in this paper. 

On average, writing value "0 1 "  requires more iterations than 

writing "10" and "1 1", while writing "00" can finish imme

diately after the RESET iteration. A RESET consumes 3 .3x 

the power of a SET, but is  twice as fast. When writing a PCM 

line, all changed cells start with the high-power RESET, gen

erating the largest power draw from the RESET CP. Hence, 

the power consumption reaches its peak in the first iteration 

and drops dramatically in the following iterations. Figure S 

illustrates this scenario. The size of a CP is determined by the 

power demand of its load. The higher peak power one write 

has, the larger CP it requires. Hence, it is crucial to reduce the 

peak power of a write in order to shrink the size of a CP. 
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Figure 8: The power requested to write a PCM l ine reaches 

its peak i n  time slot 0 (horizontal numbers indicate time slots, 

"r"/"s" stands for RESET/SET). 

To prevent the power peaks from concurrent RESETs, we 

observe that the latency of a line write is determined by the 

slowest cells, typically those writing a "0 1 ". Other cells only 

need to complete no later than those slowest cells to main

tain performance. This implies that we can defer the RESETs 

of faster cells as long as their SET iterations can finish with 

or before the slowest cells. In other words, we can sched

ule and minimize the concurrency of the RESETs without 

lengthening the write latency. Hence, the peak power is dis

tributed across the entire write procedure, greatly reducing 

the pressure on the CP. We can use smaller CPs to satisfy all 



RESETs within a write without increasing its latency. In ad

dition, scheduling RESETs can be applied to single level cell 

(SLC) PCM as well. Since RESET is slightly more than twice 

as fast as a SET, we can split all RESETs of a line into two 

groups and finish them within the duration of a SET. Evalua

tion on such opportunity will also be given in Section 6.  

However, exceptions can occur since MLC PCM write ex

hibits significant non-determinism [2, 24] , and writing a "10" 

may be slower than writing a "0 1 "  occasionally, which pro

longs the write latency if the RESET of the former is delayed. 

Nevertheless, scheduling RESETs according to the average 
number of SET iterations for different cell values imposes a 

negligible impact on write latency, which will be shown in 

our experiments and results. 

The RESET scheduling (ReseCSch) mechanism we pro

pose is a simple heuristic based on the average number of 

SET iterations for writing four different values, as depicted 

in Figure 9. Let S-s l ack denote the time slot interval in 

which a RESET iteration can be scheduled without prolong

ing the write latency, assuming there is always a cell needed 

to be changed to "0 1 ". Hence, the S-s lack for writing "10" 

is 4, "1 1"  is 1 2  and "00" is 14,  as depicted in Figure 9. Note 

that the S-s l ack for "00" is aligned with "1 1 "  in the figure 

because 1) it simplifies the scheme; 2) it does not bring much 

benefit otherwise, according to our experiments; and 3) occa

sionally a line may take less time than predicted so that fin

ishing "00" sooner actually benefits. The scheduling works 

as the following: 

1 )  For "0 1 "  cells, we do not defer their RESETs. 

2) For " 1 0" cells, we defer their RESETs until after all RE

SETs for 1) have finished, but before the end of their 

S-s lack, which is 4 in Figure 9. 

3) For "1 1 "  and "OO"cells, we defer their RESETs until after 

all RESETs for 2) have finished, but before time slot 12 in 

Figure 9. 

In all above cases (and baseline design as well), the concur

rency degree of RESETs is bounded by the capacity of the 

RESET cP. For example, if the RESET CP can support R 
RESETs per time slot but there are more than R RESETs, 

we then spill the extra RESETs to the next time slot, and so 

on. In some extreme cases, such spilling could go beyond the 

S-s lack, postponing all subsequent cell writes and prolong

ing the latency of writing the entire line. Such scenario can be 

mitigated through value encoding (as described below), and 

proper selection of R, as will be demonstrated in our evalua

tions and results. 
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Figure 9: Schedu l i ng RESETs without harm ing write latency. 

Value encoding. Our ReseCSch favors to write "1 1 "  and 

"00" as they have larger S-s lackS than "10" and "0 1".  We 

adopt a recently proposed data value mapping scheme [34] to 

create more "l 1"s and "OO"s for a memory line. This encod

ing scheme divides cell values into two categories: "1 1 "/"00", 

and "0 1 "/"1 0", and dynamically remaps values to ensure a 

line contains more cells in the first category. Since the cells 

in the first category consume less per-cell write energy, the 

new mapping reduces dynamic write energy of MLC PCM. 

We further extend this encoding by flipping the bits if there 

are more "O I "s than "1 O"s in a line. The hardware overhead 

involves only a two-bit MLC cell tag per line. A read op

eration, before returning the line, interprets this tag and re

stores the original values if necessary. The hardware cost is 

trivial as shown in [34] . When combined with differential 

write [38 ,  20] , the remapping is disabled if there are more 

cell changes, the same as that in [34] . 

Comparing to prior art. The schemes that are close to Re

seCSch include To!! scheduling [ 12] and Multi-RESET [ 1 5] . 

Both schemes manage SET and RESET iterations within one 

line write. 

• To!! scheduling. For P&V MLC programming, a cell be

ing changed needs a delay to stabilize resistance drift and 

recover Yth between each SET and read/verify pair. This de

lay is referred to as To!! in [ 12] . A TOff skew write scheme 

was proposed to interleave SETs from multiple cells, which 

maximizes SET throughput of MLC PCM without increas

ing SET current or SET pump size. This scheme has no 

impact on RESET pump size because RESET operation 

does not have To!!, and scheduling SETs does not conflict 

with scheduling RESET. 

• Multi-RESET. To enable more MLC line writes with fixed 

input power budget, the Multi-RESET scheme proposed 

in [ 1 5] divides all RESETs into several groups and each 

group can be performed with currently available power 

budget. Multi-RESET, while starting MLC write early, pro

longs the latency of this particular MLC line write. There

fore, performing Multi-RESET too aggressively would 

harm system performance [ 1 5 ] .  We will compare Re

seCSch with Multi-RESET in the experiments. 

4.3. Step II: Charge Pump Scheduling (CP _Sch) 

The per-operation switching (PaS) scheme of cps is most 

beneficial to maintaining their reliability. In addition, since 

memory idle time predominates over busy time, pas also 

presents much opportunity for leakage energy saving. How

ever, charging the cps consumes extra dynamic energy (the 

energy that was discharged). It should not become an overkill 

to the leakage saving. It turned out that such dynamic energy 

overhead can be offset by the leakage savings during idle time, 

as will be shown in Figure 1 8 .  That is, pas will not incur 

additional energy overhead, but will generate significant per

formance degradation, as shown earlier in Figure 7(c). In this 

section, we study how cps should be designed and managed 

to have minimal impact on performance. 

4.3.1. Write CP Management. The pas scheme for writes is 

relatively straightforward. This is because writes are typically 
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issued to the memory banks in a bursty fashion_ This pattern 

indicates that the on time for RESET CP is quite predictable. 

The charge and discharge happen right before and after a RE

SET. The bursty writes can be leveraged to hide the charging 

latency of the next write with the previous write. For the SET 

CP, the P&V write scheme ensures that the CP remains on 

for a long time to perform a sequence of SET and verify op

erations, following an initial RESET. Hence, with the bursty 

write pattern, the SET CP charges at the beginning of a burst 

and discharges only at the end of a burst. The intermediate 

RESETs are too short to switch the SET CP. Our experiments 

also indicate that the charging time for write CPs has insignif

icant impact on performance. The READ CP, however, does 

because reads are performance critical and they are not bursty. 

4.3.2. Read CP Management. Our analysis on the reliability 

of a CP indicates that the longer idle time a CP can exploit (i.e. 

stays off), the longer its lifetime can be. This is consistent 

with pas, but harmful from the performance standpoint, as 

we have shown earlier. Hence, it is necessary to study this 

tradeoff and develop scheme to achieve the best performance 

with the minimum impact on reliability. 

Characterizing READ CP idle time. Unlike writes in 

MLC PCM, reads are single-operation requests and they are 

not as bursty as writes. Hence, when to turn on and off the 

CP depends on how reads are spaced apart. Previous work on 

leakage reduction for DRAM have also exploited rank idle

ness to power down memory ranks [ 14,  23] . The basic ap

proach is to keep memory rank on, after serving a request, 

for a threshold  amount of time anticipating future mem

ory requests. If no request arrives, one memory rank shifts 

to a deep power-down mode to save leakage energy. The 

threshold value can also be dynamically adjusted based on 

prediction of the request arrival time [36] . While a thresh

old based scheme can be adopted here, we describe the major 

challenges of such a scheme and introduce our new CP design 

to overcome the limitations. 

A threshold based shutdown scheme maintains perfor

mance for those reads that arrive sooner than the threshold, 

but benefits reliability for the duration beyond the thre shold  

till the next request arrives. The charging delay of the READ 

CP for the next read then becomes a performance penalty 

since it is difficult to predict the arrival time of the next 

read and leave headroom for charging. We now character

ize the relation among reliability, performance impact and 

process. 

the value of the thresho l d. Figure 10 sketches the CDF 

of the idle intervals between consecutive memory requests. 

When idle intervals are relatively small (i.e. , region 1 in the 

figure), memory requests are densely spaced, indicating that 

the memory level parallelism (MLP) is high. Inserting charg

ing overhead to the requests in this region is likely to have 

small influence on the overall system performance since the 

overhead can be well hidden. On the contrary, when idle in

tervals are in region 2, memory requests are more isolated, 

indicating a low MLP. Hence, it is more difficult to hide any 

charging overhead in this region as requests are more sequen

tial [3 1 ] _  As a result, if a threshold  is in region 1 ,  the re

quests in region 2 bear the charging overhead, which results 

in significant performance loss. On the other hand, when the 

thresho l d  is in region 1 ,  better reliability can be achieved 

as the off time of the CP is relatively long. In summary, a 

thresho l d  in region 1 incurs better reliability but more per

formance loss. A threshold  in region 2 incurs less relia

bility but less performance loss_ This intuition is quantified 

in Figure 1 1  where the performance (left), normalized to CP

always-on (CP-ON), and TDDB (right), normalized to pas, 
are compared when a threshold  varies from l K  (T-1K) to 

64K (T-64K) cycles_ Note that T-O is pas itself As ex

pected, the performance improves but the reliability degrades 

with larger threshold  values. We also show the adaptive 

threshold scheme based on last value prediction of the idle 

interval (P-th) [36] . P-th achieves only moderate perfor

mance and reliability since there is little correlation between 

the next idle interval and the history, and so the prediction 

accuracy cannot be guaranteed. 

Instead of following the tradeoff study for thresho l d  se

lection, we decide to choose a small thresho l d, e.g. , 0 or 

lK cycles, since they offer much better reliability. To tackle 

the low performance, we design a new pumping technique to 

provide a fast charging-up for incoming read requests. 

A new charging scheme for reads. The charging process 

of a CP follows a non-linear voltage rising curve. A CP arrives 

at an intermediate voltage level very quickly, and then slows 

down when approaching the target voltage. The output volt

age is charged up stage-by-stage_ The intermediate voltage 

levels produced by middle stages are achieved much faster 

than the target voltage supplied by the last stage. Figure 12  

shows the charging process of  a 3-stage RESET CP, simu

lated in HSPICE. The output of three intermediate stages are 



marked on the curve. This figure shows that stage 1 and 2 

rise much faster than stage 3 .  This observation enlightens us 

to utilize the middle stages of a cp to produce the working 

voltage of a read. Since such a CP must output a higher target 

voltage by itself, only the RESET CP can be used for this pur

pose. Hence, we build an extra RESET CP as an alternative 

to the READ CP for a fast charge-up operation. 
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Figure 1 3: Output voltage of each stage in RESET CPo 

However, not all intermediate stages of a RESET CP output 

an exact 3 .0V read voltage. To find out what kind of RESET 

CP can satisfy this requirement, we tested different sizes of 

RESET CP with increasing number of stages, and enumerate 

the output voltage of all their intermediate stages, as shown 

in Figure 1 3 .  Only those CPs that have an stage, at the end 

of which outputs an exact 3 .0V can be used as an alternative 

to a READ CP. As we can see, a 5-stage RESET CP can pro

duce 3 .0V at the end of stage 2, and an 8-stage CP can do the 

same at the end of stage 3 .  Hence, these two cps are suitable 

candidates for fast READ CPs. 1 1 ;.
r-
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Figure 1 4: Using the RESET CP as a fast READ CPo 

The next question is: which one is a more economical de

sign for reads between a 5-stage RESET CP and an 8-stage 

RESET cp? Our baseline 3-stage RESET CP was chosen for 

a better balance among area, power wastage, charge latency 

and charge energy. The 5-stage and 8-stage RESET CP have 

higher measures in all metrics than the 3-stage baseline de

sign, as compared in Figure 14 (left). However, both cps out

perform the baseline READ CP, which uses one stage only, 

in charge latency, as shown in the figure (right part). The 5-

stage design can charge to 3 .0V about 4 times faster than the 

READ CP does, which is very attractive from a performance 

perspective. Moreover, its charge energy is also less than of 

the READ CP. For these two reasons, we choose the 5-stage 

RESET CP as a FAST READ CP for serving only READs. 

The area of a FAST READ CP is about the same as a 3-stage 

RESET CP, but 50% more than a I -stage READ CP. However, 

as we will show later, the overall area of CPs is still reduced 

thanks to ResecSch. One drawback, however, is that the to

tal power wastage of a FAST READ CP is twice as much as 

the original READ CP. It is possible to keep both the FAST 

and original READ CPs, and use the former for charging the 

first read, and the latter for subsequent bursty reads with the 

former turned-off. We term this scheme Swi tch in our fol

lowing evaluations. 

4.4. Summarizing CP Count 

We now summarize the total cps required after applying both 

Reset Sch and CP Sch schemes. Since cps are of different 

sizes,
-
we will nor�alize all area to the baseline 3-stage RE

SET CP for ease of comparison. Our experimental results will 

show that the number of RESET CP units can be reduced to 

only 30% of the baseline without performance degradation. 

Additional 5-stage RESET cps are necessary to serve as the 

FAST READ CP, each is l .07 x the area of the baseline 3-

stage RESET CP. One READ requires 8.4,uA for each cell. 

One chip should support 5 1 2  cell READs, requiring 430 1 ,uA.  

One FAST READ CP supplies 3V and 100,uA. Hence, we 

need rv43 FAST READ cps which amounts to the area of 

rv46 3-stage RESET cps. The number of SET CP remains 

the same. The final counts are listed in Table 2. As we can 

see, the total area of all CPs is reduced by 3 %  even though the 

FAST READ CPs are larger. 
RESET READ SET Total 

Before 70 1 3  1 1  94 

After 2 1  59  1 1  9 1  

Table 2: The RESET CP count. 

4.5. Hardware Overhead 

We synthesized the control logics of ReseCSch and CP _Sch 

by Synopsys design compiler and IC compiler. The total area 

overhead at 45nm is 25 1 .34,um2 , which is similar to the area 

of 3KB PCM cells. ResecSch spends 0.9ns and l . 1 8pJ in 

one scheduling operation. CP _Sch costs 0 .41ns and 0 .91pJ 

per operation. 

5. Experimental Methodology 
Simulator: We evaluated our proposed designs and tech

niques using a PIN-based simulator Sniper [3] .  We modified 

the simulator to model all memory hierarchies, power budget

ing constraints [ 1 5] , and CP system. 

Baseline configuration: The detailed baseline parame

ters can be found in Table 3 .  Unless otherwise stated, we 

adopt diode-swtiched MLC PCM based main memory sys

tem. Other types of PCM main memory results are also re

ported. 

Main memory configuration: Our memory controller pri

oritizes read requests. Write requests are only scheduled 

when there is no read request. When the write queue is full, 

the memory controller issues a write burst, where all pend

ing read requests are blocked until all writes in the queue are 

finished [ 1 1 ,  1 5 ] .  Write scheduling must obey not only bus 

and chip scheduling constraints, but also the local and global 

power budgets supplied by cps.We adopted both local and 

global cps [ 1 5] in our baseline. 

We considered a main memory with two 8GB MLC PCM 

LPDDR2-NVM channels [6] . One DIMM has one channel, 

two ranks and four banks per rank. A bank spreads across 

four 1 6-bit wide chips. Therefore, in each rank, four banks 



share four PCM chips. 

Chip modeling: We used NVsim [8 ] ,  a CACTI-based 

non-volatile memory modeling tool, to calculate our 22nm 

diode-switch PCM chip parameters. The chip modeling is 

based on the latest industrial prototype [6] . We modeled cp 

as discussed in Section 3 .2, fitting constants in [26] and re

lated parameters in [6, 2 1 ] .  We calculated read and write 

latency/energy by feeding the parameters from [6, 2 1 ]  to 

NVsim. We used the same non-deterministic write model as 

previous work [30, 1 5] .  The detailed memory, chip, cp, read 

and write parameters can be found in Table 4.  

Simulated workloads: We chose a subset of programs 

from SPEC2006, BioBench, and STREAM suites to con

struct multi-programmed workloads covering different mem

ory access characteristics. The workload mix_1 consists of as

tar, bwaves, g e m F DTD and les l ie3d, and mix_2 consists of astar, 

bwaves, mi le  and m u m mer.  

Simulation and evaluation: The representative phases of 

benchmark was chosen using PinPlay [28] . We simulated 5 

billion instructions to obtain performance results. For our 

results, we define speedup as: S peed u p = C��fse l i ne , where . tech C P 1 basel ine and CPl tech are the CPIs of the basehne setting and 

the setting with scheme tech ,  respectively. This metric is used 

in related research [ 1 6,  30] . 

6. Results and Analysis 
6.1. ReseCSch: Power Reduction and Performance 

We will present first how much area reduction for RESET 

CPs is achieved, and then show the impact of such reduction 

on performance. The wasted power reduction is proportional 

to the area reduction. Since we adopt a modular CP design, 

its area is thus linear to the number of modular pump units 

which decides the peak power provisioning to the memory, 

or how many RESETs can concurrently occur. This is the 

capacity of the RESET CP, and a critical parameter in our 

design. A small capacity implies small CP size but spilling of 

RESETs to the next iteration may occur in each step of the 

scheduling, creating performance degradation. A generous 

capacity implies a large CP size, but more RESETs can be 

packed in each iteration and writing a line can finish sooner. 

Our objective is to identify the smallest RESET CP that does 

not bring performance overhead. We compare the following 

three choices of the capacity with the baseline. 

• Base : Our baseline implements the state-of-the-art fine

grained power budgeting technique including the multi

RESET scheme [ 1 5 ] ,  which makes the best use of available 

power for higher performance. All RESET cps are on in 

Base with power gating on arrays during idle periods [38] . 

• Su mofMax : This builds ReseCSch on top of Base. The ca

pacity of the RESET CP supports (maxOI  + maxlO) number 

of concurrent RESETs, where maxxx is the maximal num

ber of xx occurrence in writing a single line throughout the 

simulation duration. This scheme guarantees that writes 

are not prolonged since there is enough power to write "0 1 "  

and " 1 0 "  at the same time. 

• MaxOl : The capacity is now reduced to maxOl , presuming 

maXOl > maxlO as writing "0 1"  is the longest operation. 

• M i nofMax :  The capacity is reduced further to min(maxol ,  

maxlO) .  This scheme utilizes our enhanced version of value 

encoding to reduce maXOI through bit flipping if there are 

more "0 l " s then " lO"s in a line. 

Figure 1 5  reports the required sizes of the RESET CP for 

three different capacities, normalized to the Base. This figure 

also reflects achieved wasted power reduction for RESET CPs. 

The results show that Su mofMax only requires 70% of the RE

SET cps in Base . MaxOI and M i nofMax can further shrink the 

sizes down to 38% and 33% of the RESET cps in Base . As 

we can see, opportunities in reducing the wasted power and 

area of a RESET CP through ReseCSch are substantial. This 

does not have to be done at the cost of performance, as we 

show next. 
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Figure 1 5: The potential of CP size reduction and wasted 

power reduction. 

Figure 16 compares the performance of Su mofMax, M i nof

Max and Mi nofMax-30% (explained later), all normalized to the 

Base . It is interesting to observe that Su mofMax and M i nofMax 

improvement performance over Base by 2.6% and 2 . 1 % re

spectively. The reason is the following. The RESET CP in 

Base is configured from empirical studies on peak power re

quirement. However, when bursty writes arrive at the mem

ory, often there are RESETs in the first iteration that cannot 

be served due to insufficient power. And they are spilled to 

the next iteration, a.k.a. multi-RESET [ 1 5] ,  which prolongs 

the write latency. With ReseCSch, however, such spilling oc

curs much less often even when the CP size is greatly reduced. 
Hence, we can achieve slight performance gains while reduc

ing the cost of RESET CP. When we use a fixed CP size for 

all benchmarks, e.g. , use 30% of the RESET CP in Base as 

denoted by MinofMax-30%, the average performance improve

ment drops to 1 .5 % .  Our experiments indicate that below this 

size, the performance gain becomes negative. Hence, we se

lect the size of Mi nofMax-30% in the following experiments. 
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Figure 1 6: Performance eval uation with reduced CP sizes. 

6.2. CP _Sch: Performance, Energy and Reliability 

As we mentioned earlier, the naIve POS scheme bears notice

able performance overhead. This is shown in Figure 17 as 



CPU four 4GHz, X86 out-of-order cores, 4-wide issue, 8MSHRs/core, 1 28-entry instruction window 

Ll lID private, liD 32KB each/core, 4-way, LRU, 64B line, 2-cycle hit 

L2 private, 2MB/core, 8-way, LRU, 64B line, write back, 2-cycle tag, S-cycle data hit, 16-cycle CPU to L2 

DRAM L3 private, offchip, 32MB/core, 16-way, LRU, write back, 64B line, SOns (200-cycle hit) , 64-cycle CPU to L3 

Memory onchip, 24-entry RlW queues, MC to bank 64-cycle, scheduling reads first, issuing writes when there is NO read, 
Controller when W queue is full, issuing write burst (only scheduling writes and delaying reads, when W queue is empty) 

Main Memory 16GB, 64B line, 2 channels, 1 channel per DIMM, 2 ranks per channel, 4 banks per rank, 64-bit channel width 

Table 3: Basel ine configuration 

Memory 22nm PCM process, LPDDR2-NYM interface, I/O bandwidth: 800Mb/s/pin, 4 chips per rank, 4 banks interleaved on 4 chips 

Chip 4 P cell, diode-switch, 16-bit width, 1GB ,  1 . 8Y vdd, 1 33MHz, 140 concurrent RESETs power budget 

CP per 1 33MHz, RESET/SETIREAD CP: S/3/3V target voltage, 7/3 .S/4.3mA load current, 2 1 .6%/30.9%/30.9% power efficiency 
Chip I S9/1 32/1 32ns charge latency, 100/87 .S/87 .Sns discharge latency, charge energy 1 8 .78/2.76/3 .31/2 .86(FAST RD)nJ 

Read 3V, 8 .4J.!A, S .6nJ per line, critical word 12Sns, MLC read 2S0ns 

Write RESET: SV, 100J.!A, 29.7pJ per bit, SOns operation latency, 1 2Sns iteration latency; SET: 3V, SOJ.!A, 22.SpJ per bit 
I S0ns operation latency, 2S0ns iteration latency (including Toll [ 12 ]& verify), MLC Write Model: 2-bit MLC [30, 16] 

Table 4: 2-bit M LC PCM chip and main memory configuration 

T-O which has an average of 1 6% slowdown. However, its to

tal energy consumption is approximately the same as Base, as 

shown in the left of Figure 1 8 ,  since the charging/discharging 

energy is offset by the leakage savings upon idle. With FAST 

READ CP with a thre shold  (F-thre shold) ,  the perfor

mance degradation is reduced to 4% and 2% for F-O and F

l K  respectively, thanks to the new CP design that is 4x faster. 

On the other hand, Figure 1 8  also shows that FAST READ CP 

has more parasitic energy (F-O ) as was studied in Figure 14 .  

This is  then mitigated by the Swi tch scheme which has iden

tical performance as F-threshold  because both use FAST 

READ CP for an arriving read, but with comparable parasitic 

power ( 1 .4% higher) to Base and T-O because the original 

READ CP kicks in once it is up. 
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Figure 1 7: Performance benefit of FAST READ CPo 

The reliability of the corresponding schemes are compared 

on the right part of Figure 1 8 .  All results are normalized to 

T-O . As we can see, Base has the worst lifetime as it always 

keeps CPs on. F-O and T-O are comparable since both actively 

discharge CPs. Swit ch, on the other hand, can improve the 

lifetime of the READ CP by 1 6% because the on time of both 

the FAST and original READ cps are less than T-O/F-O due 

to the switch between them. 
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Figure 1 8: Energy and rel iabi l ity comparisons. 

6.3. Overall System Performance, Power and ED2 

Combining both ReseCSch and CP _Sch, we now summarize 

the overall power, total energy, performance, and ED2 for 

the whole system including cores and all memory hierarchy 

in Figure 19.  Recent work [23 , 29] found that the memory 

system usually dissipates 25% of power of the entire system. 

Therefore, in Figure 19, cores and last level DRAM cache 

occupy 75% of the total system power. Our ResecSch re

duces the system power to 88% of Base.  T-O increases energy 

quite a lot over Base because of its large performance loss. 

Hence, it has the highest ED2 (62 .2% increases). Switch 

increases total energy by 2. 1 % over Base and decreases the 

performance by 2%.  Its ED2 increases by 6 .3% over Base . In 

summary, Switch is as energy efficient as Base, but presents 

the best reliability of all cps among Base and the naIve pas 
scheme (T-O) .  
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Figure 1 9: Power, Energy, Performance, and ED2 . 

6.4. Extending to other types of PCM 

Our proposed ReseCSch and CP _Sch are not restricted to 

diode-switched MLC PCM only. They can very well be ap

plied to MOS- or B1T-switched PCM, or SLC PCM. We sum

marize both power and energy reductions for them in this sec

tion. When ResecSch is applied, we obtained a power re

duction of 49.4%,  37 .3% and 40. 1 % for diode-, MOS- and 

B1T-switch PCMs respectively. Reductions are smaller for 

MOS- and B1T-switched PCM because the RESET CP power 

has smaller proportion in their total power. More interest

ingly, ResecSch narrows the power gap between different 

designs, making high-density implementation more power ef

ficient. When CP _Sch is applied, Switch improves the life

time of all three kinds of PCM by 9.68 x, with energy increase 

of 2 .6%, 1 . 8% and 0.7% for diode-, MOS- and BlT-switched 

PCMs respectively. Compared to the T-O , Switch is faster in 

all three kinds by 16 .7%.  

Finally, our schemes, especially the ReseCSch, can be ap

plied to SLC PCM. Given that the RESET pulse has about 112 



latency of the SET pulse, we can spread RESETs across the 

duration of the SET, cutting the required RESET cp by half. 

By reducing the RESET CP size to 64% of the SLC-based 

baseline, we found that ReseCSch can reduce 46% wasted 

power while showing negligible performance degradation. 

7. Related Work 
PCM has emerged as a candidate for main memory [20, 32, 

38] . The high power consumption of PCM has been studied 

in recent works. Differential-write was proposed [38] to only 

update cells that store different values. By eliminating unnec

essary cell writes, the power consumption of PCM write can 

be reduced. Cho et at. proposed Flip-n-Write [5] to guarantee 

that the power demand for writing one line is reduced to no 

more than half of the original. Hay et at. proposed to esti

mate changed bit number of each write in the last level cache 

and schedule writes without violating DIMM level power bud

get [ 1 1 ] .  Jiang et at. proposed to perform power budgeting for 

MLC PCM at iteration granularity and consider both DIMM 

and chip level power restrictions [ 1 5 ] .  

Recent chip demonstration [6] proposed write CP pre
emphasis to accelerate the charging operation by providing 

a group of auxiliary RESET and SET CPs. In order to boost 

the write pumps faster, more area overhead and leakage for 

extra pumps have to be paid. However, in this paper, we iden

tified that the READ cps are more important to system per

formance. And we rebuilt and reorganized RESET pumps to 

accelerate the charge-up operation of READ pumps. 

8. Conclusion 
The PCM technology exhibits excellent scalability and den

sity potentials. However, high-density PCM often requires 

higher voltages than V dd . While on-chip cps have been inte

grated in recent PCM chips to provide these raised voltages, 

their low power efficiency has become a major design chal

lenge. Also, due to reliability reasons, CPs are switched on 

and off on per-operation basis, which imposes significant per

formance degradation. Our proposed solution can first reduce 

the wasted power of the RESET CP by 70%, and then reduce 

the performance loss over the per-operation based switching 

scheme from 1 6% to 2%, while improving the reliability of 

CPs by 16%.  
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