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Abstract—To deal with stagnated performance and energy1

improved by successive technology scaling, system-technology2

co-optimization (STCO) comes as a rescue which involves3

the co-optimization of the important system parameters from4

the high-level application all the way down to the low-level5

technology. This article addresses the interconnect dominance6

issue in advanced nodes as a bottleneck in energy-efficient7

static RAM (SRAM)-based last-level cache (LLC) and aims to8

mitigate it through an STCO mechanism. Our main approach9

in this work is the utilization of a workload-aware controlled10

dynamic segmented bus (DSB) as the intramacro (interbanks)11

interconnect. Based on our results, our approach can improve12

the energy efficiency of the SRAM-based LLC by an average of13

35%.14

Index Terms—Advance node, energy efficiency, interconnect15

dominance, last level cache, segmented bus, SRAM, system-16

technology co-optimization.17

I. INTRODUCTION18

FEATURE size reduction of the Front End of the Line19

(FEoL) and Back End of the Line (BEoL) is no longer20

sufficient for high-performance energy-efficient VLSI designs21

in sub-10-nm advanced technology nodes. Since the resistive-22

capacitive (RC) delay of the interconnect increases leading to23

a dominant effect on the overall system energy and latency [1].24

System-technology co-optimization (STCO) is a complemen-25

tary solution to device scaling to achieve higher performance26

and energy efficiency in which the critical parameters, from27

the high-level applications all the way down to the low-level28

technology parameters are co-optimized together.29
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In this article, we focus on improving the energy efficiency 30

of the static RAM (SRAM)-based cache memory. In the 31

modern processors, due to the high-integration density of 32

the advanced nodes, the capacity of SRAM-based cache 33

memory can be unprecedentedly large, significantly affecting 34

the overall energy and latency. Therefore, addressing the large 35

RC delay of the interconnect is a crucial step in the design of 36

high-performance and energy-efficient large cache memories. 37

The impact of the different levels of the interconnects 38

on the SRAM functionality is not similar. Subarray-level 39

interconnects word-line (WL) and bit-line (BL) fabricated 40

on the lower-metal layer affect the noise margin [2], 41

[3], [4], [5]. Since intramacro (interbank) interconnects are 42

fabricated on higher-metal layers (M5-M8), due to the 43

higher-RC delay in the advanced technology nodes, such 44

intermediate interconnects dominate the total latency and 45

energy. Nevertheless, this issue has not been addressed in the 46

existing literature. 47

To fill the gap, intramacro, henceforth, interbank 48

interconnects of a last-level cache (LLC) are the main focus 49

of this work. First, to reduce the high-capacitive load of the 50

long wires fabricated on higher-metal layers and consequently 51

energy reduction, we aim to disable the unused segments 52

of the interbank interconnect, using dynamic segmented bus 53

(DSB) structure. Also, to achieve further energy saving, this 54

hardware solution needs to be complemented with a run- 55

time strategy to control the activation of the segments in a 56

workload-aware fashion. Besides DSB and its control scheme, 57

we also aim to map the frequently used data into the banks 58

with shorter segments. This way, the high-rate data exchange 59

can be concentrated on short segments. 60

II. SEGMENTED BUS IN VICTIM LAST-LEVEL CACHE 61

A victim cache accommodates the evictions of the faster- 62

level cache. Therefore, in the case of a ‘miss’ event at the 63

faster-level cache, the block can be provided through the vic- 64

tim cache and not the main memory. Fig. 1 shows the 65

interaction of the LLC with the CPU, faster cache levels, and 66

the main memory. 67

The impact of the technology node in SRAM-based cache 68

memory is critical, mainly due to the rapid increase of 69

the RC delay of the interconnect with technology scaling 70

as indicated by Table I. Due to the high-RC delay of the 71

interbank interconnects, compared to the farther banks, the 72

access latency and energy of the closest banks are considerably 73

less. 74
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Fig. 1. Last-level cache (LLC) (as a victim cache) interactions with the CPU,
faster cache levels, and the main memory.

TABLE I
COMPARISON OF THE ENERGY AND LATENCY OF 128-MB SRAM-BASED

CACHE, ORGANIZED IN 16 BANKS, AND DATA WIDTH OF 512 BITS

To make a connection between technology and architecture,75

we compare a 128 MB, side-pin assess, 16-bank cache in76

different technology nodes. Fig. 2 shows such a structure and77

the distances from the root access pin corresponded to the78

16-nm critical wire dimension (CD) as used in 3-nm CMOS79

technology. Table I also shows a comparison between different80

technologies using the CACTI [6] framework. As shown in81

Table I, in the case of 16-nm CD interconnect technology, the82

group of banks that are located closest to the root access pin,83

can be accessed 14 cycles faster and requires less than half84

the energy compared to the farthest bank.85

Besides, in a memory macro, multiple banks need to be86

connected to the root access pin. For such connectivity, the87

E-tree structure is a viable option primarily due to its feature88

in equalizing the propagation delay across the banks [7]. An89

E-tree structure is also shown in Fig. 2. However, as shown in90

Table I, equalizing the access latency within the banks forces91

the worst-case latency on all the banks, extremely degrading92

the performance. Exploiting the inherent asymmetry in access93

latency and energy in the case of advanced technology nodes94

is our aim in this article. For this, we leverage the segmented95

bus structure—an established VLSI interconnect [8], [9], [10],96

[11]—as an interbank interconnection in a large SRAM-base97

LLC.98

The basic idea of the segmented bus is the division of99

the entire bus into smaller segments. This way, the active100

capacitive load of the long wire decreases, contributing to a101

lower-switching power and subsequently, lower-energy con-102

sumption [8]. Besides the segmented bus, the works presented103

in [9] and [10] also addressed the significance of physical104

floorplanning on the energy reduction of a communication105

architecture. Further, these works ([9], [10]) introduced the106

concept of DSB, in which the various segments are not nec-107

essarily equal to each other. Moreover, a software-controlled108

fashion for the DSB was also proposed in [12]. More recently,109

the work presented in [11] utilized the DSB for global synapse110

communication in a neuromorphic fabric.111

Fig. 2. 16-bank SRAM-based memory macro fabricated in 16-nm CD, the
numbers inside the banks (in mm) show the distance between the bank and
the root access pin, the red arrow indicates the root access pin location, and
the gray line shows the E-Tree [7].

The vast amount of literature utilizing the DSB makes 112

this structure a well-established energy-efficient yet flexible 113

interconnection network. Therefore, we also aim to utilize it 114

as a substitute for the E-tree mainly in large cache memories 115

to improve the overall energy efficiency. 116

III. IMPLEMENTATION OF THE SEGMENTED BUS 117

IN VICTIM LAST-LEVEL CACHE 118

To address the high-energy consumption of the interconnect 119

network in a large memory macro fabricated in advanced 120

technology nodes, we have two objectives as follows. 121

1) Fully utilize the bank’s capacity by condensing the 122

accesses of a workload into a minimum number of 123

banks and then map them to the banks with the short- 124

est distance to the root access pin. This ensures the 125

minimization of energy and latency of access to such 126

data. 127

2) Disabling the unused (farther banks) in a workload- 128

aware fashion with the help of DSB. Therefore, only the 129

minimum subset carrying application data is activated 130

per each access, not the entire interconnection network, 131

further reducing energy. 132

To achieve these objectives, we first obtain the total number 133

of LLC accessed addresses as the key characterization of the 134

workload and use it to cluster the workloads. Then, we use the 135

output of this clustering for floorplanning and programming 136

of the switches required in the structure of the DSB. 137

A. Workload Characterization 138

The input for the workload characterization is the LLC trace 139

per each workload and its output is the number of accesses per 140

each address. To obtain the LLC trace, we use gem5, an event- 141

driven micro-architectural simulator. Then, by performing the 142

statistical analysis on the workload traces, the total number of 143

accessed addresses and their frequency can be obtained. 144

Though the essence of our proposed methodology can be 145

generalized to any number of banks, we carry out our investi- 146

gation on a 16-bank LLC macro. So, we cluster the workloads 147

into 16 classes as follows: Class 1 consists of workloads whose 148

total accessed addresses can be accommodated in 1 LLC bank, 149

all the way to Class 16 which includes the workloads that 150

need all the 16 banks of LLC to accommodate their accesses. 151

Condensing the workload accesses to the minimum number of 152

banks with the shortest distance from the root access pin can 153

be performed at the design-time compiler stage. 154

B. DSB Floorplanning 155

With the discussed clustering (Section III-A), we deter- 156

mine the bank size as the granularity for floorplanning and 157
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controlling of the DSB. To fulfill both objectives, we assume158

there is a communication path from the root access pin to the159

bank N if and only if bank N − 1 too has a communication160

path to the root access pin.161

From a recursive perspective, establishing communication162

between bank N − 1 and root access pin is the prerequisite of163

the communication path between bank N and root access pin164

and so on. This statement implies a hierarchical structure to the165

floorplan which can be defined as follows. A memory macro166

consists of multiple equidistant bank groups, we refer to them167

as rings (see Fig. 2). At the next level of the hierarchy, we168

have subrings. So, each ring consists of multiple subrings, and169

finally, subrings consist of multiple banks. Such a hierarchical170

floorplanning is shown in Fig. 3(a). Please note that each of171

the switches is bidirectional, accounting for both the read and172

write accesses.173

Besides, in the case of LLC involvement in servicing any174

access, the first step is mapping of a corresponding address in175

the LLC hierarchy. In the case of having 16 banks, 4 bits of the176

address can be used to determine the bank in a conventional177

interconnect structure. In a DSB utilization, however, the class178

of the workload, i.e., the number of its required banks is179

already known due to the workload clustering as discussed in180

Section III-A. Therefore, to perform such address mapping,181

the only requirement is the substitution of the workload class182

for the 4-bit bank representative, which indicates a negligible183

change in the routing scheme.184

To realize a low-overhead run-time-applicable scheme for185

controlling the DSB as an interbank interconnection, we can186

have a lookup table as shown in Fig. 3(b). Please note that the187

storage overhead of the programming lookup table shown in188

Fig. 3(b) is only 28 bits per workload class which accumulated189

to the total value of 56 B. This small storage overhead190

guarantees a negligible energy overhead as well.191

The initial recursive assumption and its subsequent hierar-192

chy bring the scalability to the DSB. This way, extending the193

DSB by adding any ring, subring, or bank can be done by194

simply instantiating the core structure either for the switches195

or for the controlling lookup table as shown in Fig. 3. Due to196

this hierarchical structure, a bank cannot be enabled unless its197

corresponding subring and ring are also enabled.198

IV. RESULTS AND DISCUSSION199

First, we show the results of the electrical-level simulation200

using SPICE for obtaining the energy overhead of the DSB.201

Further, to evaluate the effectiveness of the DSB structure, the202

LLC access traces are required. To obtain them, we execute203

the most representative interval of 100 million instructions of204

eight realistic workloads from the SPEC 2017 benchmark suite205

with the parameters outlined in Table II and using gem5. To206

make the experiments and analysis computationally feasible,207

we select these eight workloads as a representative subset208

of the SPEC2017 benchmark suite. These selected workloads209

do not behave similarly [13] and have different degrees of210

computing and memory intensity natures [14]. To show the211

effectiveness of the DSB on the overall energy reduction,212

we obtain the per-workload energy consumption and reason213

regarding the achieved energy gains.214

1) Circuit-Level Analysis: To obtain and optimize energy215

overhead induced by the DSB switching (EOverhead
DSB ), we216

perform the electrical-level simulation on a transmission gate217

(TG)-based switch which loads a specific length of the wire218

(a) (b)

Fig. 3. (a) Multibank last-level cache (LLC) and the proposed positions for
the switches in a dynamic segmented bus (DSB) structure, R, S, and B stand
for ring, subring, and bank, respectively, and (b) controlling lookup table the
DSB switches per application class.

TABLE II
SIMULATION ASSUMPTIONS AND PARAMETERS

segment. For instance, in Fig. 3(a), the R1, R2, R3, and R4 is 219

loading the segment lengths of 2.04, 1.83, 0.38, and 1.83 mm, 220

respectively. To optimize EOverhead
DSB , we increase the size of the 221

TG-based switches until reaching an optimum energy value. 222

Fig. 4 shows such a procedure to optimize EOverhead
DSB which is 223

linearly proportional to its corresponding segment length. 224

In this work, the considered SRAM-based LLC has utilized 225

three metal layers (M1-M3) in its subarray levels and two 226

metal layers (M4, M5) for its intrabank interconnects. As 227

shown in Fig. 3(a), the proposed DSB also has two horizontal 228

and vertical interconnects, which require two metal layers 229

(M6, M7). Table II shows the corresponding resistance and 230

capacitance (R, C) for M6 and M7. In our electrical-level 231

simulation, we also consider the effect of the via (four via 232

connections have been considered) [15], [16]. To investigate 233

the effect of the via, we sweep its resistance (Rvia) from 0 234

to its twice nominal value (refer to Table II), and as clearly 235

shown by Fig. 4, the variation of the Rvia has a negligible 236

impact on the optimized energy overhead of the DSB. 237

2) Workload-Level Analysis: Table III shows the summary 238

of these workloads with respect to the total number of unique 239

accessed addresses and consequently, the number of occupied 240

banks in LLC. As shown in Table III, except workload 649, all 241

the other evaluated workloads tend to occupy the first, i.e., the 242

innermost ring. Therefore, using the DSB can reduce energy 243

consumption by turning off the unused segments and mapping 244

all the addresses to the innermost ring. 245

3) Calculating Perworkload Energy Consumption: Finally, 246

by having both the traces from the workload-level analysis, 247

the optimized energy consumption of the interconnect, and 248
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Fig. 4. Obtaining the optimum energy overhead induced by the dynamic
segmented bus (DSB) loading a segment of 2.04 mm, each point in this graph
refers to the specific size of the transmission gate (TG)-based switches.

TABLE III
NUMBER OF UNIQUE ACCESSED ADDRESSES IN AN LLC FOR EIGHT

WORKLOADS FROM THE SPEC 2017 BENCHMARK SUITE

Fig. 5. Per-workload energy improvement by utilizing the DSB.

DSB overhead, we can estimate the per-workload energy for249

conventional E-tree and DSB, accounting for the number of250

accesses to each bank, as well as the distance between the251

corresponding bank and the root access pin.252

Fig. 5 shows the per-workload energy improvement by253

utilizing the DSB structure as the interbank interconnect of254

an SRAM-based LLC. The amount of per-workload energy255

improvement for the workloads that only occupy the closest256

ring (all but 649) is around 36%. However, due to the257

much larger required LLC for workload 649 and subsequently258

activation of all the LLC rings, utilizing the DSB and mapping259

of the most frequently accessed addressed to the closest rings 260

leads to a smaller energy gain of 30%. 261

V. CONCLUSION 262

Improving the energy efficiency of the VLSI technology in 263

advanced technology nodes is challenging mainly due to the 264

interconnect dominance. To address this issue, in this article, 265

we have targeted a large SRAM-based last-level cache (LLC) 266

and aimed to improve its energy efficiency via the utiliza- 267

tion of the dynamic segmented bus (DSB) as its interbank 268

interconnect. To adopt the DSB for an intramacro (interbank) 269

LLC interconnect, we have also presented a workload-aware 270

control scheme. Eventually, by optimizing the energy overhead 271

induced by DSB, we achieve an average energy improvement 272

of 35% across evaluated workloads. 273
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