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Technology Implications 
•  Capacity continues to increase 

–  DRAM size—2G 
–  Disk Size -- 
–  Transistors on a die 

•  What happens to latency / delay? 
–  Ultimately maxes out at c 

•  Where c=3e8 m/s 
•  300ps 
•  Speed of light  

–  Just better parallelize more links 



Networking Packets 



Transmission/Latency Overhead 



Sample Supercomputer Networks 



Shared/Switched Mediums 



Num. of Nodes vs. Latency 



NOCHI:	
  Network-­‐on-­‐chip	
  with	
  hybrid	
  Interconnect	
  

9.4% reduction 
at low load 

44% reduction 
near saturation 

Can handle more load 
before hitting the 
saturation point 

IEEE Micro 2009 
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Figure 4.7: Microprocessor Vdd.
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3.5% capacitance 
improvement / year 

3.2% lower supply  
voltage (VDD) / year 





Sample Networks 



Higher Order Networks 



Others 



Bandwidth/Hops for Examples 



Architecture of Sample Networks 



Network Routing/Switching Types 



Sample 2D Router/Switch 



Pipelined Router 



Sample Cell Processor Interconnect 







(1)	
  Energy-­‐Efficient,	
  On-­‐Chip	
  Links	
  	
  

•  Our	
  Goal:	
  low-­‐power	
  on-­‐chip	
  links	
  
–  Analog	
  low-­‐voltage	
  swing:	
  

–  (3)	
  XBARS	
  
–  (4)	
  LINK	
  TRAVERSAL	
  

	
  

	
  
•  Router	
  Power:	
  

–  (1)	
  Buffering:	
  30%	
  
–  (2)	
  ArbitraXon:	
  10%	
  
–  (3)	
  XBAR:	
  30%	
  	
  
–  (4)	
  LINKS:	
  30%	
  

	
  

Intel, 80 Cores, ISSCC 2007 
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Token	
  Flow	
  Control	
  NoC	
  	
  (Li-­‐Shiuan	
  Peh,	
  MIT)	
  

•  Conven&onal	
  Router:	
  	
  
–  Each	
  hop	
  requires	
  4	
  cycles	
  

•  Proposed	
  TFC	
  Router:	
  
–  First	
  hop	
  requires	
  4	
  cycles	
  
–  Following	
  hops	
  require	
  2	
  cycles	
  

•  Tokens	
  for	
  advance	
  alloca&on	
  
–  If	
  li\le	
  congesXon,	
  buffering	
  is	
  skipped	
  

•  NoC	
  power	
  dominated	
  by	
  XBAR	
  and	
  LT	
  
–  TFC	
  reduces	
  buffer	
  writes	
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Low-­‐Swing,	
  Bitcell-­‐Based	
  Crossbar	
  

not experimentally measured in silicon. [Ho, 

schinkel, stojanovic] have recently shown 

improved energy-efficiency for long wires [10mm], 

but are measured standalone and not integrated into 

a standard SoC design environment. Furthermore, 

previous works have not considered practical 

challenges of integration into a SoC environment, 

such as digital crosstalk noise from surrounding 

logic or transceiver size and compactness required 

to provide high link density/bandwidth.  

C. Proposed Work and Impact 

This work demonstrates circuit innovations in a 
network-on-a-chip design that, along with the novel 
routing architecture, significantly improve NoC 
power and latency over a conventional, synthesized 
baseline router. The combined architecture and 
circuit improvements are experimentally validated 
in a 90nm-CMOS four-core NoC, with measured 
network latencies, energies, and throughput 
matching the network simulator and HSPICE 
extracted-netlist simulations.  Compared with 
previous works, the proposed NoC prototype 
validates the use of architectural/circuit co-design to 
significantly improve on-chip network latency, 

energy-efficiency, and throughput. 

The remainder of the paper is organized as 
follows: Section II provides an overview of the 
proposed NoC design. Section III describes the 
power reduction approaches applied in the crossbar 
and core-core interconnect circuits. Section IV 
presents measurement results and Section V is the 

conclusion. 

II. NOC DESIGN OVERVIEW 

An 8x8 mesh network-on-a-chip was designed 
and analyzed under a variety of low/high injection 
traffic conditions. In order to experimentally verify 
the power and latency performance of our proposed 
NoC, a 2x2 subset of the larger network was 
fabricated in a 90nm-CMOS process (Fig.1). The 
chip incorporates 12 independent traffic generators 
that can emulate the larger 8x8 mesh network by 
injecting packets sourced from and destined to the 
60 other node locations. Each traffic generator 
embeds in every packet a time-stamp and a 
randomly-generated data value, which are 
recovered and processed after passing through the 
network, enabling the collection of flit traffic 

latency and data correctness. 

A. Architecture: Token Flow Control (TFC) 

 

Figure 3. Crossbar and link circuit implementation (a) Reduced-swing driver (RSD)  (b) Crossbar bit-slice into link drivers (c) Bit-slice 

array crossbar layout(d) Clocked sense amp receiver (RX) 
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Error! Reference source not found.. While simple, this 

approach suffers from a number of major disadvantages 

including poor transistor density, low bandwidth and a  

bit-to-area relationship.  

In practice, higher crossbar speeds and improved density 

can be achieved in a standard digital synthesis flow using 

mux-based switches that place buffered muxes throughout 

the area of the crossbar. For larger crossbars in particular, 

speed can be further improved by pipelining the crossbar 

traversal, allowing sections of the wire load to be driven in 

separate clock cycles. While simple to implement in digital 

design flows, both approaches introduce additional loading 

in the form of increased fanout buffering and clock 

distribution that results in increased power consumption.  

Furthermore, network latency is also negatively impacted. 

The crossbar implemented in our design improves energy 

efficiency by replacing crossbar wires with low-swing 

signaling circuits. This approach seeks to drive the large 

wire capacitances of the crossbar with a reduced voltage 

swing, without introducing additional buffers or clocked 

elements. Implemented as a bit-sliced crossbar, each of the 

64-bits in each of the five input buses is connected to a 

one-bit wide, 5-input to 5-output crossbar. An 8x8 grid is 

then patterned out of 64 of these bit-cell crossbars in order 

to construct a 64-bit wide, 5x5 crossbar as shown in figure 

3-b. 

Each crossbar bit-slice consists of 5 input receivers 

(Strongarm sense amplifiers), a 5x5 switching matrix (20 

single-ended pass-gates), and 5 low-swing transmitters 

(reduced-swing drivers (RSD)) at each bit-slice output, as 

shown in Error! Reference source not found.-c. Each of 

the five reduced-swing differential inputs is driven 

externally to the input of the crossbar by a RSD, which is 

connected to the output of the router logic. At the positive 

clock edge, each of the five low-swing differential inputs is 

first converted to full-swing logic by the sense amplifier, 

drives a short 6um wire through a single-ended pass-gate 

transistor controlled by the routing arbitration logic, and 

then into the interconnect RSD for the selected output port. 

In the TFC routing scheme, U-turns are not allowed, so each 

of the five crossbar input ports can be assigned to one of 

four possible output ports. 

The receiver acts as a sense-amplifier flip-flop with 

low-swing differential inputs, replacing the flip-flop that 

would otherwise reside at the output of the 

crossbar-traversal pipeline stage. Like mux-based crossbars, 

this crossbar topology results in irregular datapaths across 

the 64b parallel interconnect, requiring that the maximum 

crossbar speed be bounded by the longest datapath delay 

through the crossbar. 

Full-swing select signals are routed on M1 and M2, 

differential data signals are routed on minimum width wires 

on M3-M5, and a separate clock wire is routed on M7 for 

each port. The clock distribution path is routed to closely 

match the worst case RC delay of the datapath to match 

clock skews.  The crossbar switch allocator also 

implements clock gating, activating only the crossbar 

receive port that is expected to be used for switch/link 

traversal. 

B. Differential Mode Shielding for Crosstalk Reduction 

A major concern for reduced-swing signaling is the 

increased susceptibility of the low swing signals to crosstalk 

from a router’s full-swing digital logic on lower metal 

layers. While differential signaling and adjacent wire 

twisting[X] are effective at rejecting common-mode 

crosstalk from nearby wires, care must be taken to minimize 

any asymmetric capacitive coupling from potential 

aggressor signals. 

Complete ground plane shielding below the entire signal 

path establishes both a well-defined routing environment 

!

Fig. 5. Circuit contributions to link energy. 

!

!

!

Fig. 6. (a) Layout of differential mode link shielding (b) effectiveness of 

differential mode shielding at reducing crosstalk from full swing aggressor 

logic. 

!

!



Measurement	
  Summary	
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The CMP era… 

Local communication with multi-
hop networks


Global wires do not scale 



Not all interconnects are 
equal 

•  Conventional repeated RC wires 
–  R. Ho [2001] 
–  Latency several clock cycles 

across a chip (~3ns / 10mm) 
–  High BW for short lengths 

•  On-Die Transmission Lines 
–  K. Shepard[05,06], Ito[08] 
–  Speed of light propagation 

(~100ps / 10mm) 
–  Power and bandwidth density is 

poor 
•  Current Sensing/ Capacitive feed-forward 

–  R. Ho [07], E. Mensink [07] 
–  5-10x improvement vs.  

conventional RC Wire (~500ps / 10mm) 
–  BW density 2–4X lower (vs. short wires)


Single-cycle global 
communication is possible 

Trade-off 
latency vs. bandwidth 



Not	
  all	
  interconnects	
  are	
  created	
  equal	
  
•  Heterogeneous	
  interconnect:	
  

•  Inverters	
  good	
  for	
  short-­‐range	
  and	
  density	
  
•  Transmission	
  lines	
  good	
  for	
  latency	
  and	
  broadcast	
  

	
  •  How	
  to	
  build	
  a	
  CMP	
  architecture	
  that	
  exploits	
  different	
  
interconnect	
  properXes?	
  

	
  



Various	
  Interconnect	
  ProperXes	
  



What if single cycle global communication is possible? 

• Network-on-chip with hybrid interconnect 

 
• Express virtual channels (EVCs) that rely on 

NOCHI 
– Critical flow control information is shared among 

routers using G-lines 
– Reduced buffering and power overhead in 

routers 

•  Data plane 
–  Multi-hop network  
–  High bandwidth 
–  Full-swing 

•  Control plane 
–  Global lines (G-lines) 
–  Ultra-low latency 
–  Multi-drop 



S-CSMA Circuit Design 
•  7 cores traversing 7mm  

 
•  Each TX using  

CCAP=300fF 
 

•  Each Core RX with sense 
amplifier converting to  
digital 
 
 

•  Last RX uses amplitude detection to determine # of TXs 
transmitting concurrently 
–  Uses Flash ADC (6 sense amplifiers with different ref. voltage) 

 



Simulation Results 

•  Circuit simulation using  
7 metal, 90nm 1.2V, 
CMOS process 

•  Pulse response along 
G-lines (up to 6 cores) 

 
 
•  Eye diagram at  

Flash ADC input  

Core[0] 

Core[6] 

300ps 



Express Virtual Channels* 

• Virtual express lanes in the network 
• Flits on these EVCs can bypass 

buffering and switch arbitration at 
intermediate routers 
– 5 stage Normal pipeline 

– 2 stage EVC pipeline 

* “Express Virtual Channels: Towards the Ideal Interconnection Fabric”, Amit Kumar, Li-Shiuan Peh, Partha Kundu and 
Niraj K. Jha, Proc. of the 34th International Symposium on Computer Architecture (ISCA), June 2007. 

BW+RC VA SA ST LT 

ST LT 



Express Virtual Channels 
(EVCs)* 

• Virtual express lanes in the network 
• Flits on these EVCs can bypass 

buffering and switch arbitration at 
intermediate routers 
– Normal Scenario: 15 cycles 

–  Express virtual channel (EVC): 9 cycles * “Express Virtual Channels: Towards the Ideal Interconnection Fabric”, Amit Kumar, Li-Shiuan Peh, Partha Kundu and 
Niraj K. Jha, Proc. of the 34th International Symposium on Computer Architecture (ISCA), June 2007. 
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EVCs in Action 

BW+RC VA SA ST LT ST LT ST LT Buffer 

VC 

 

Crossbar 

On/Off On/Off On/Off 

Flit Lookahead  
(to set up switch) 

Lookahead  
(to set up switch) 



G-line EVCs 
• Use G-lines for global flow-control 

information 
– G-line control plane and conventional data 

plane 

• Down-stream node broadcasts buffer/VC 
availability 
–  Single cycle to all up-stream nodes 
– All nodes have up-to-date information 

• Up-stream nodes request resources in 1 
cycle 
–  Each down-stream node has 1 buffer-request 

and 1 VC-request G-line 
–  Shared line enables single-cycle count of 

requests 
•  No need to identify requesting nodes, just the count 

– Uses S-CSMA circuit 



Setup 
•  7x7 packet-switched mesh network 
•  Two G-lines per node & direction for buffer/VC request 



The signaling mechanism


Tx Rx 

0 

Tx Rx 

1 

Tx Rx 
(CSMA) 

5 

ON ON Req Req 

Four  free buffers Two  free buffers 

Number of granted requests are sent to 
the upstream on the data plane 



Benefits of G-line EVCs 

•  Instantaneous global information 
– Aggressive buffer management 
– Original EVC reserved buffers for signal 

traversal time 

• Broadcast medium 
–  Enables flexible, dynamic EVCs of any 

length 
– Original EVC limited by signaling cost 

•  Partition VCs into k-hop bins 
•  Limits EVCs to short lengths (< 3 hops) 



Network evaluation (1) 

Tornado Traffic 

9.4% reduction 
at low load 

44% reduction 
near saturation 

Can handle more load 
before hitting the 
saturation point 

•  For the same number of buffers per port 



Network evaluation (2) 

Network power 
for original EVC 

Network power 
for G-line EVC 

Net power 
reduction 

47.99W 43.76W 4.23 W (8.8%) 
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•  For the same saturation throughput 
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* Power numbers based on extrapolation of Intel Polaris 80-core network 



Conclusions 

• Effective long-range communication is 
possible 
– 1 cycle cross-chip with reasonable power 
–  Lower overall bandwidth 

• NOCHI utilizes low-latency control 
plane and high-bandwidth data plane 
–  Single cycle, multi-drop, broadcast for 

control 
–  Full-swing multi-hop network for data 

• The advantages of EVCs (latency and 
power) are enhanced by using NOCHI 
–  EVCs of arbitrary lengths allowed 
– No conservative buffer management 
– Dynamic binding of VCs to different EVC 

lengths 



Thanks 



Backup 



NOCHI:	
  Network-­‐on-­‐chip	
  with	
  hybrid	
  Interconnect	
  

9.4% reduction 
at low load 

44% reduction 
near saturation 

Can handle more load 
before hitting the 
saturation point 

IEEE Micro 2009 



Overview	
  
1.  Energy-­‐Efficient	
  On-­‐Chip	
  I/O	
  

–  Network-­‐on-­‐a-­‐Chip	
  with	
  Reduced-­‐Swing	
  Interconnect	
  
–  Fundamental	
  limits	
  to	
  low-­‐voltage	
  swing	
  
–  Heterogeneous	
  Interconnect	
  Architectures	
  
	
  

2.  Energy-­‐Efficient	
  Off-­‐Chip	
  I/O	
  
–  Sub-­‐1mW/Gbps	
  Off-­‐Chip	
  I/O	
  
	
  

3.   Short-­‐range,	
  UWB	
  Transceivers	
  
	
  

(Time):	
  Near-­‐threshold	
  process	
  variaXon	
  tolerance	
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