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Abstract-A highly energy-efficient on-chip communication 
network is crucial for the development of future multi-core chips. 
In this paper, a wideband millimeter-wave (mm-wave) 
transceiver was designed for the wireless Network-on-Chip 
(WiNoC) architecture. In order to reduce the power consumption 
of the transceiver, body-enabled circuit design techniques were 
implemented: Forward body-bias was used in the low-noise 
amplifier (LNA) and power amplifier (P A) circuits to lower the 
threshold voltages, reducing the supply voltage to 0.8 V. For up
and down-conversion mixers, power-hungry transconductance 
stages were eliminated by feeding the signals directly into the 
body terminals of the transistors. In addition, a novel feed
forward structure was designed to extend the bandwidth of the 
LNA at no cost in power consumption. Simulation results showed 
that the receiver has a double-sideband noise figure of less than 6 
dB, and a peak gain of 20.5 dB, while the transmitter has an 
output PldB of 0 dBm. The transceiver achieved an overall 3-dB 
bandwidth of 18 GHz. Compared with our previous design 
without body-enabled design techniques, the receiver power 
consumption was reduced by 20.3%. 
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I. INTRODUCTION 

The Network-on-Chip (NoC) [1] is a commonly used 
interconnect architecture in high performance microprocessors 
that integrate large numbers of cores on a single die [2][3]. 
However, limited by its inherent multi-hop communication 
mechanism through planar metal wires, data exchange between 
distant cores entails high latency and power consumption. 
Different revolutionary approaches that can provide one-hop 
links have been explored: On-chip optical interconnect [4] has 
its advantage of high throughput and low power consumption. 
However, it must overcome significant technological and 
manufacturing challenges to become viable for mass 
production. The RF-Interconnect [5], although can be built 
using existing CMOS technology, requires long on-chip 
transmission lines that serve as waveguides. In addition, 3D 
ICs with inductive or capacitive coupling [6] rely on close 
proximity and precise alignment, which create issues with heat 
dissipation. 

Wireless NoC (WiNoC) that employs millimeter-wave 
(mm-wave) transceivers is a more flexible option [7]. With 
technology scaling, wireless transceivers implemented in 

CMOS are capable of operating at mm-wave band [8], 
resulting in a wider available channel bandwidth. Previous 
research prototypes [9]-[11] have demonstrated a data rate up 
to 11 Gbps, and an energy-efficiency as low as 6.4 pJ/bit. 
Nevertheless, to make WiNoC a more competitive candidate 
among the other solutions, the bandwidth and power 
consumption of the mm-wave transceiver still needs to be 
improved. 

Accordingly, this paper presents the design of an energy
efficient mm-wave transceiver specifically tailored for the 
requirements of WiNoCs. Various techniques at both circuit 
and architecture levels were applied to guarantee the low power 
consumption of the transceiver circuits. All the components, 
including a low-noise amplifier (LNA), a power amplifier (PA), 
up- and down- conversion mixers, and an injection-locked 
voltage-controlled oscillator (lL VCO), were designed in 65 nm 
CMOS. The demonstrated low-power and wideband 
performance indicates the feasibility of implementing such 
mm-wave transceivers in WiNoCs. 

The rest of the paper is organized as follows. Section II 
gives the system-level architecture of the WiNoC. Section III 
introduces the design procedures of the mm-wave receiver (RX) 
and transmitter (TX) circuits. In Section IV, simulated 
performances of the RF components are presented. Finally, 
Section V concludes the paper. 

II. WINoC SYSTEM ARCHITECTURE 

The problem of high latency in data transfer with increasing 
system size in a conventional NoC can be addressed by 
incorporating features of small-world networks. A small-world 
topology can be constructed from a locally connected network 
by re-wiring connections from any given node randomly to any 
other node, which creates shortcuts between distant nodes in 
the network [12]. Use of conventional metal wires to establish 
direct links between such distant cores will incur significant 
penalties in terms of latency as well as energy dissipation. On 
the other hand, establishment of one-hop communication 
between the distant cores using on-chip wireless interconnects 
will result in significant performance gain due to low power 
and higher bandwidth over long distances. In our proposed 
design, we use mm-wave on-chip wireless links as shortcuts. 
The whole NoC is divided into smaller networks called subnets 
consisting of a relatively smaller number of cores 
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Figure I. Network topology of hubs connected by a small-world graph 
with wired links and wireless interfaces (WIs) 

interconnected through conventional wireline NoC 
architectures. Each subnet has a centrally located hub, which is 
connected to all cores of the subnet. The hubs are then 
interconnected using both wired and wireless links following a 
small world topology in the upper level of the hierarchy. In Fig. 
1, mesh and ring topologies as examples for interconnection of 
the hubs are shown. To reduce the area overhead, a few chosen 
hubs are equipped with wireless interfaces (WIs). We followed 
a simulate annealing (SA)-based methodology for placing WIs 
into the hubs [13][14]. Thus, the WiNoC is a hierarchical 
architecture with subnets at the lower level and a small-world 
topology of hubs at the upper level. 

A hub is similar to a conventional NoC switch, with 
multiple ports connected to each core within its subnet via 
wired links. If a hub has a WI, then that acts as an additional 
port connected to the wireless medium for wireless data 
transfer. Each hub has a routing block that routes flits to the 
next hub either through a wired or a wireless link. It should be 
noted that, instead of a ring or mesh, the hubs can be connected 
following any other interconnection architecture. The only 
restriction is that wireless links need to be utilized as long
range links to fully utilize their low-power and high bandwidth 
characteristics. 

III. WIDEBAND MM-WAVE TRANSCEIVER DESIGN 

The design of a low-power wideband wireless transceiver is 
the key to guarantee the desired performance of the WiNoC. 
Therefore, at both the architecture and circuit levels of the 
transceiver, low-power design considerations need to be taken 
into account. At the architecture level, on-off-keying (OOK) 
modulation was chosen so as to simplify the circuit design. 
With both direct-conversion and injection-lock technologies, a 
power-hungry phase-lock loop (PLL) was eliminated in the 
transceiver [11]. Moreover, at the circuit level, body-enabled 
design techniques [15], including both forward body-bias (FBB) 
with DC voltages, as well as body-driven by AC signals [16], 
were implemented in most of the circuit sub-blocks to further 
decrease their power consumption. Moreover, the high data 
rate requirement of the WiNoC necessitates novel wideband 
circuit topologies. 

The transceiver architecture diagram is shown in Fig. 2. 
The shaded area illustrates the contribution of this work. At the 
RX side, direct-conversion topology was adopted, which 
comprises an LNA and a down-conversion mixer. The TX 
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Figure 2. Transceiver block diagram with the shaded area showing the 
scope of this work. 
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Figure 3. Circuit topology of the body-biased wideband LNA 

circuitry consists of an up-conversion mixer and a P A. An 
IL VCO was reused for both TX and RX. 

A. RX Circuits Design 
The LNA is a crucial component in the RX chain as it 

determines the sensitivity of the entire receiver. Fig. 3 
demonstrates the circuit topology of the proposed low-power 
wideband LNA, consisting of three stages. A simple common
source (CS) amplifier with inductive source degeneration was 
chosen for the first stage since it has better noise performance 
than the cascode topology [17]. The second stage employs a 
cascode topology to enhance the overall gain and reverse 
isolation of the LNA. L5 was adjusted to peak the gain at a 
slightly different frequency from the first stage, realizing a 
wideband overall frequency response. Moreover, a feed
forward path, which could boost the gain of the first stage, was 
introduced in the third stage, directly coupling the gate of M2 to 
M4• With the peak gain of the second stage set at a higher 
frequency than that of the first stage, this feed-forward path 
could extend the bandwidth of the entire LNA at the lower end, 
with trivial degradation in NF and no additional cost in power 
consumption [17]. 

As can be seen in Fig. 3, FBB was implemented in the last 
two stages of the LNA. The threshold voltage of an NMOS 
transistor can be expressed as [19] 

Vi = Vio + 'Y ( j2¢F + VSB - j2¢F ), (1) 



where VSB is the voltage between body and source terminals, 
Vto is the threshold voltage when VSB = 0, I is a process
dependent parameter, and <PF is the bulk Fermi potential. This 
indicates that by applying a positive bias voltage at the body 
terminal, the threshold voltage of the NMOS can be effectively 
decreased without degradations in device characteristics in 
terms of gain, linearity and noise figure [15]. Accordingly, in 
the second stage of the LNA, since the source voltages of M2 
and M3 are different, two different DC voltage levels were 
generated by the bias voltage VB and the voltage divider RBI 
and RB2, and applied to the body terminals of M2 and M3, 
respectively. The FBB in the third stage was also implemented 
in a similar way. This decreased the threshold voltages of these 
transistors, and hence the supply voltage was reduced from 1 V 
to 0.8 V. 

As for the down-conversion mixer shown in Fig. 4, the 
power-consuming transconductance stage in the conventional 
single-balanced Gilbert-cell topology was removed. Instead, 
since the body-terminal acts as a "backgate", the RF signal was 
directly fed into the body terminals of the switching pair. In 
this way, not only could the switching pair be biased at very 
low DC current, the removal of the stacked transconductance 
stage also led to a lower supply voltage. In addition, in order to 
eliminate the LO feedthrough at the IF port, a dummy 
switching pair comprising M3 and M4 was introduced. By 
adjusting the body bias voltage of the dummy pair, the level of 
LO cancellation could be optimized. 

B. TX and ILVCO Circuits 
At the TX side, due to the short communication range of 

the mWNoC, the required PA output power is much lower than 
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Figure 4. Schematic of the body-driven down-conversion mixer. 
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Figure 5. Schematic of the ILVCO with forward body-bias. 

in conventional mm-wave power amplifiers. However, it still 
needs to maintain a wide bandwidth for the required high data 
rate. Cascode structure was used in the first stage for its high 
gain and better reverse isolation. Similar to the LNA design, 
FBB was implemented in the cascode stack to lower the 
threshold voltages. The other two are both CS stages, which 
can provide larger voltage headroom and thus better linearity. 
Moreover, inductive peaking was used for bandwidth extension. 
Note that the bias current densities of the last two stages were 
set to around 0.3 mAlum for maximum linearity [20]. A body
driven double-balanced mixer similar to the down converter 
modulates the 55 GHz carrier with the baseband signal. 

The proposed schematic of the IL VCO is shown in Fig. 5. 
MI and M2 form the NMOS cross-coupled pair. M3 acts as a tail 
current source as well as the signal injection point for the 
IL VCO. Furthermore, in order to achieve a desirable locking 
range for the VCO, an injection amplifier M4 was also 
implemented to boost the signal before being fed into M3• The 
injection locking technique could not only lower the phase 
noise, but also reduce the frequency and phase variation in 
VCO without the use of a PLL [21]. Furthermore, FBB was 
also applied at the body terminals of all the transistors to lower 
their threshold voltages, so that a lower bias voltage could be 
used to decrease power consumption. 

IV. SIMULA nON RESULTS AND DISCUSSION 

The mm-wave wideband wireless transceiver was designed 
and simulated using TSMC 65-nm standard CMOS process. 
The overall conversion gain and NF of the receiver, including 
the proposed LNA and mixer, are shown in Fig. 6. The VCO 
generated -5dBm of output power, and the LO frequency was 
set to 55 GHz, in accordance with the center frequency of the 
RX pass-band. The conversion gain is 20 dB at the center 
frequency, and rises up to 20.5 dB at the peak. This indicates 
that the mixer contributed around 7 dB of conversion gain. Fig. 
6 also shows that the overall 3-dB bandwidth of the receiver 
front-end is 18 GHz. Moreover, it can be seen that the overall 
NF stays below 6 dB. Note that double sideband (DSB) NF is 
used since the proposed receiver has a direct-conversion 
structure. The contribution of the flicker noise around the 
center frequency is not shown, since it can be filtered out using 
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Figure 6. Simulated gain and noise figure of the mm-wave receiver. 
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Figure 7. Simulated conversion gain of the mm-wave transmitter. 

high-pass coupling in subsequent stages. The LNA and the 
mixer drained 10.8 rnA and 0.75 rnA of currents, respectively, 
from the 0.8 V DC bias. Accordingly, the aggregate power 
consumption of the receiver front-end was 9.24 mW, which is 
20.3% lower than our initial implementation proposed in [17]. 

The conversion gain of the transmitter was illustrated in Fig. 
7. It's shown that the transmitter has a peak gain of 15 dB, and 
a 3-dB bandwidth of 18.1 GHz. Furthermore, circuit simulation 
also shows that the output I-dB gain compression point (PldB) 
of the transmitter is OdBm. With the implementation of body
enabled design in both the P A and up-conversion mixer, the 
TX front-end consumed only 14 mW from a 0.8-V supply 
voltage. 

The achieved aggregate power consumption of the entire 
transceiver was 26.7 mW. The transceiver circuit performances, 
including the gain, NF, and maximum TX power, surpassed the 
design target obtained from the system-level simulations in 
[17]. Therefore, it is able to support a data rate of at least 16-
Gbps, and a BER < 10-1

5 
using the OOK modulation scheme. 

V. CONCLUSION AND FUTURE WORK 

In this study, system architecture of the WiNoC was first 
introduced. According to the low power, high data rate, and 
short communication distance requirements of the WiNoC, a 
mm-wave transceiver was designed in 65-nm CMOS. 
Simulation showed that the receiver achieved a peak gain of 
20.5 dB, with 18-GHz 3-dB bandwidth and a 6-dB DSB NF, 
while the transmitter has a bandwidth of 18.1 GHz, and an 
output PldB of 0 dBm. Thanks to the body-enabled design 
techniques, the power consumption of the RX was reduced by 
20.3%. These results imply that by using the proposed 
wideband mm-wave transceiver, wireless interconnect becomes 
a competitive solution for on-chip communications. In the next 
step, silicon implementation and measurement of the 
transceiver circuits will be carried out to further validate the 
reliability of the WiNoC architecture. 

ACKNOWLEDGEMENT 

This project was supported by an NSF CAREER Grant 
(ECCS-0845849). 

REFERENCES 

[I] RG. Lee, N. Chang, U. Y. Ogras, and R. Marculescu, "On-chip 
communication architecture exploration: a quantitative evaluation of 
point-to-point, bus, and network-on-chip approaches," ACM Trans. 
Design Automation of Electronic Systems, vol. 12, no. 3, pp. 1-20, Aug. 
2007. 

[2] J. Howard, S. Dighe, Y. Hoskote, et aI., "A 48-core IA-32 Message
Passing Processor with DVFS in 45nm CMOS," in Froc. ISSCC 2010, 
pp. 108-109,Feb. 2010. 

[3] S. Vangal, 1. Howard, G. Ruhl, et aI., "An 80-tile sub-100-W 
TeraFLOPS processor in 65-nm CMOS," IEEE J. Solid-State Circuits, 
vol. 43, no. I, pp. 29-41, Jan. 2008. 

[4] A. Shacham, K. Bergman, and L. P. Carloni, "Photonic networks-on
chip for future generations of chip multiprocessors," IEEE Trans. 
Computers, vol. 57, iss. 9, pp. 1246 - 1260, Sept. 2008. 

[5] M. F. Chang, 1. Cong, A. Kaplan, et aI., "CMP network-on-chip overlaid 
with multi-band RF-interconnect," in Proc. IEEE HPCA 2008, pp. 191-
202, Feb. 2008. 

[6] W. R. Davis,1. Wilson, S. Mick, et aI., "DemystifYing 3D ICs: the pros 
and cons of going vertical," IEEE Design & Test of Computers, vol. 22, 
iss. 6, pp. 498-501, Nov. 2005. 

[7] B. A. Floyd, C. -M. Hung, and K. K. 0, "Intra-chip wireless 
interconnect for clock distribution implemented with integrated antennas, 
receivers, and transmitters," IEEE J. Solid-State Circuits, vol. 37, no. 5, 
pp. 543-552,May. 2002. 

[8] B. Razavi, "Design of millimeter-wave CMOS radios: a tutorial," IEEE 
Trans. Circuits Syst. I, vol. 56, no. I, pp. 4-16, Nov. 2009. 

[9] J. Lee, Y. Huang, Y. Chen, et aI., "A low-power fully integrated 60GHz 
transceiver system with OOK modulation and on-board antenna 
assembly," in Proc. ISSCC 2009, pp. 316-317, Feb. 2009. 

[10] W. Chen, S. Joo, S. Sayilir, et aI., "A 6-Gb/s wireless inter-chip data link 
using 43GHz transceiver and bond-.wire antennas," IEEE J. Solid-State 
Circuits, vol. 44, no. 10, pp. 2711-2721, Oct. 2009. 

[II] K. Kawasaki, Y. Akiyama, K, Komori, et aI., "A millimeter-wave intra
connect solution," IEEE J. Solid-State Circuits, vol. 45, no. 12, pp. 
2655-2666, Dec. 2010. 

[12] D. 1. Watts and S. H. Strogatz, "Collective dynamics of 'small-world' 
networks," Nature, vol. 393, pp. 440-442, June 1998. 

[13] A. Ganguly, K. Chang, S Deb, P. Pande, B. Belzer, and C. Teuscher, 
"Scalable hybrid wireless network-on-chip architectures for multi-core 
systems," IEEE Trans. Computers, in press, 2010. 

[14] S. Deb, A. Ganguly, K. Chang, P. Pande, B. Belzer, and D. Heo, 
"Enhancing performance of network-on-chip architectures with 
millimeter-wave wireless interconnects," in Proc. IEEE International 
Coriference on ASAP, pp. 73-80, Jul. 2010. 

[15] M. 1. Deen, O. Marinov, "Effect of forward and reverse substrate biasing 
on low-frequency noise in silicon PMOSFETs," IEEE Trans. Electron 
Devices, vol. 49, issue 3, pp. 409-413, March 2002. 

[16] G. Kathiresan and and C. Toumazou, "A low voltage bulk driven down
conversion mixer core," in Proc. IEEE International Symposium on 
Circuit and Systems, vol. 2, pp. 598-601, July 1999. 

[17] X. Yu, S. P. Sah, B. Belzer, and D. Heo, "Performance evaluation and 
receiver front-end design for on-chip millimeter-wave wireless 
interconnect," inProc. IEEE IGCC 2010, pp. 555-560, Aug. 2010. 

[18] S. Shekhar, 1. S. Walling, and D. Allstot, "Bandwidth extension 
techniques for CMOS Amplifiers," IEEE J. Solid-State Circuits, vol. 41, 
no. II, pp. 2424-2439, Nov. 2006. 

[19] A. S. Sedra and K. C. Smith, Microelectronic Circuits, 5th Edition. 
Oxford University Press, 2004 

[20] T. Yao, M. Gordon, K. Tang, et aI., "Algorithmic design of CMOS 
LNAs and PAs for 60-GHz radio," IEEE J. Solid-State Circuits, vol. 42, 
no. 5, pp. 1044-1056, May 2007. 

[21] B. Razavi, "A study of injection locking and pulling in oscillators," 
IEEE J. Solid-State Circuits, vol. 39, no. 9, pp. 1415-1424, Sept. 2004. 


