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Annual accomplishments: In the past three years, we have been mainly investigataddlowing
problems: 1) We studied the transmission capacities of tvexisting asymptotically large single-hop
wireless networks (a primary network vs. a secondary nétbiat operate in the same geographic
region and share the same spectrum, where the primary (RR)nkehas a higher priority to access the
spectrum without particular considerations for the seaon@SR) network, and the SR network limits
its interference to the PR network by carefully controllthg density of its transmitters. By applying
the stochastic geometry theory, the stable distributi@omyy and the asymptotic analysis, we derive
the transmission capacities for both of the two networksaurahtify their tradeoffs; 2) We studied the
scaling laws for the throughputs and delays of two coexgstisymptotically large multihop wireless
networks, still a primary network vs. a secondary networke fikst show that both networks can
achieve the same throughput scaling law as for a stand-aloekess network if proper transmission
schemes are deployed. By using a fluid model, we also shovbditlainetworks can achieve the same
delay-throughput tradeoff as the optimal one establislaeliee for a stand-alone wireless network;
3) We studied the asymptotic scaling laws for throughout@eldy in a supportive overlaid system,
where the secondary network coexists with a primary networghare the same resources of time,
space, and frequency. In particular, we considered thewhsee the secondary network is willing to
help relaying the information for the primary network. Wahch opportunistic help, we showed that
the secondary network can improve the primary network perdmce while maintaining a nontrivial
secondary performance; 4) We investigated the asymptetiomnance of random access schemes
with cognitive spectrum sensing in a complex overlaid systéth both primary users and secondary
users. We first studied the throughput scaling for both tiragoy and secondary users; and then pro-
posed a new metric, thessymptotic multiplexing gajrio fully quantify the fundamental performance
tradeoff between the primary and the secondary network#/es3tudied how to estimate the primary
spectrum usage in a distributed fashion over multiple ojymistic nodes. In particular, we model the
primary spectrum occupancy state as an evolving linearmimsystem, where multiple opportunistic
nodes each runs a Kalman filter to estimate the state vedajaesee. By allowing communication
among those nodes, we proved that the distributed estimatior will asymptotically converge to a
fixed distribution; 6) We studied the binary distributedes®ion problem, where multiple opportunis-
tic nodes collaborate to detect the existence of primarysuseer a certain band. By allowing certain
message passing routines among neighboring nodes andrapalyixed-time-scale local updating
rule, we proved that both the miss-detection probabilitgt Hre false-alarm probability converge to
zeros at each distributed node; 7) We studied the problenmsofete power control in a random but
clustered wireless ad hoc network, where the transmitteraléocated according to a stationary ho-
mogeneous Poisson point process. By applying the analyfisstochastic geometry, we quantified
the network performance in terms of the redefined transonssapacity.
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e Stable Distribution Based Analysis of Transmission Capacitiesfor Overlaid Wireless Net-
works. In this work we study the transmission capacities of twogsiang asymptotically large
wireless networks (a primary network vs. a secondary nédbiat operate in the same ge-
ographic region and share the same spectrum, where therpr{PR) network has a higher
priority to access the spectrum without particular consitiens for the secondary (SR) net-
work, and the SR network limits its interference to the PRvoek by carefully controlling the
density of its transmitters. Considering a general detestic power-law channel model with
a path-loss exponent > 2 and a constant transmission power, by applying the stabtaluli-
tion theory and asymptotic analysis, we derive the transionscapacities for both of the two
networks and quantify their tradeoff. Numerical resultewlthat if the PR network permits a
small increase of its outage probability, the sum transiossapacity across the two networks
(i.e., the overall spectrum efficiency per unit area) cowddbosted significantly over that of a
single network, which generalizes all the existing resie also find that Rayleigh fading can

3



enhance the transmission capacity gain of the overlaidor&siover that of a stand-alone PR
network.

Scaling Laws for Overlaid Wireless Networks: A Cognitive Radio Network vs. a Primary
Network. In this work we study the scaling laws for the throughputd delays of two co-
existing asymptotically large multihop wireless netwotkat operate in the same geographic
region. The primary network consists of Poisson distriduégacy users of density, and the
secondary network consists of Poisson distributed cogniisers of densityn, with m > n.
The primary users have a higher priority to access the gpactithout particular considerations
for the secondary users, while the secondary users have tmaservatively in order to limit
the interference to the primary users. With a practical mgdion that the secondary users only
know the locations of the primary transmitters (not the mynreceivers), we first show that
both networks can achieve the same throughput scaling lamhas Gupta and Kumar estab-
lished for a stand-alone wireless network if proper trassion schemes are deployed, where
a certain throughput is achievable for each individual edeoy user (i.e., zero outage) with
high probability. By using a fluid model, we also show thatrbo¢tworks can achieve the same
delay-throughput tradeoff as the optimal one establislyddl lisamal for a stand-alone wireless
network.

Asymptotic Performance of Supportive Overlaid Wireless Networks. Consider a wireless
network that has two tiers with different priorities: a pang tier vs. a secondary tier, which is an
emerging network scenario with the advancement of cognradio technologies. The primary
tier consists of randomly distributed legacy nodes of dgnsiwhich have an absolute priority
to access the spectrum. The secondary tier consists of mdpdiistributed cognitive nodes of
densitym = n? with 8 > 2, which can only access the spectrum opportunisticallyrhit lihe
interference to the primary tier. Based on the assumptianttie secondary tier is allowed to
route the packets for the primary tier, we investigate theughput and delay scaling laws of the
two tiers in the following two scenarios: i) the primary artendary nodes are all static; ii) the
primary nodes are static while the secondary nodes are exdlith the proposed protocols for
the two tiers, we show that the primary tier can achieve anpee throughput scaling of,(n) =
©(1/logn) in the above two scenarios. In the associated delay andtysike first scenario,
we show that the primary tier can achieve a delay scalin@gfn) = O(y/n?logni,(n))
with \,(n) = O(1/logn). In the second scenario, with two mobility models conside
the secondary nodes: an i.i.d. mobility model and a randoitk wedel, we show that the
primary tier can achieve delay scaling lawsefl) and©(1/5), respectively, wheré is the
random walk step size. The throughput and delay scaling fanthe secondary tier are also
established, which are the same as those for a stand-alomerke

L arge Overlaid Cognitive Radio Networks: From Throughput Scaling to Asymptotic Mul-
tiplexing Gain. In this work we study the asymptotic performance of two taidrwireless
ad-hoc networks that utilize the same temporal, spectral, spatial resources based on ran-
dom access schemes. The primary network consists of Poiswoibuted legacy users with
densityn and the secondary network consists of Poisson distribudgditive radio users with
densitym = n” (3 > 0, 3 # 1) that utilize the spectrum opportunistically. Both nethsr
aredecentralizedand deploy ALOHA protocols where the secondary nodes argped with
range-limitedperfectspectrum sensors to monitor and protect primary transarssiWe study



the problem in two distinct regimes, namely> 1 and0 < 5 < 1. We show that in both
cases, the two networks can achieve their correspondimgl-si@ne throughput scaling even
without secondary spectrum sensing (i.e., sensing rarde sero), which implies the need for

a more comprehensive performance metric than just thratigigaling to evaluate the influence
of the overlaid interactions. We thus introduce a new dotertermed as thasymptotic mul-
tiplexing gain which captures the effect of spectrum sensing and inteverk interferences.
Furthermore, based on this metric we demonstrate thatrspestensing can substantially im-
prove the network performance whgr> 1. On the contrary, spectrum sensing turns out to be
unnecessary whem < 1.

Distributed Estimation of the Primary Spectrum Usage. In this work, we study the dis-
tributed estimation problem in a complex network, wherehgegtworked node converges to the
same intelligence just based on local observations andnmafion exchanges with its neigh-
bors. In particular, we estimate the state of a potentialistable linear dynamical system in the
framework of distributed Kalman filtering. It is shown thett,a weakly connected communica-
tion network, there exist (randomized) gossip based inébion dissemination schemes leading
to a stochastically bounded estimation error at each nodarfp non-zero rate of inter-node
communication. A gossip-based information exchange pmtthe M-GIKF, is presented. Un-
der the assumption of global detectability of the signaéation model, it is shown that the
distributed M-GIKF leads to a stochastically bounded eatiom error at each node. In partic-
ular, the conditional estimation error covariance seqaexti@ach node is shown to evolve as a
random Riccati equation (RRE) with Markov modulated switghwhich is analyzed through
a random dynamical system (RDS) formulation. The estimagiwor at each node is shown
asymptotically converging to an invariant distribution.

Distributed Detection of Primary User Existence. In this work we consider distributed de-
tection over a noisy network (over a binary hypothesis, ¢hg. existence of primary users), in
which each connected node pair can communicate over anvadddise channel. With non-
identically distributed generic node observations, a mhikime scale recursive algorithm for
binary hypothesis testing over such networks is proposadet/some mild assumptions on net-
work connectivity and global detectability (the positiif the global or centralized Kullback-
Liebler divergence), this algorithm yields asymptotigakro probabilities of Type-I and Type-II
errors (henceforth referred to as probabilities of errdvhen node observations are identically
distributed, a simplified single time scale version of thegmsed algorithm is shown to achieve
asymptotically zero probabilities of error. Convergenate guarantees in terms of asymptotic
normality of certain scaled decision variables are prayifte this simplified procedure. As
an example, a practical Gaussian detection network is derei, for which the error decay
exponents are explicitly characterized in terms of the ngtvand noise parameters.

Discrete Power Control in Clustered Wireless ad hoc Network. In this work, a new discrete
power control strategy is explored in a complex clusteraeless ad hoc network. Transmitters
in the network form a stationary homogeneous Poisson paodgss (PPP) on a 2-D plane.
Each transmitter has a random number of receivers that sirgbdited in a cluster region with

N tessellated layers. There alé level transmit powers used by each transmitter and which
level of power is used depends on which layer the desiredvescis located in a cluster. The
outage probabilities for receivers at different layersdeaved. The optimal control scheme to



maximize the contention intensity, which is used to calimihe redefined transmission capacity
(TC) in our setting, is found. The proposed power controlthaseffect of balancing the spatial

throughput achieved by receivers at all distance layers shiat throughput fairness among
receivers is achieved. Simulation results show that thpgsed discrete power control strategy
significantly improves TC and outperforms other previous/@ocontrol strategies in a PPP

network.

¢ No inventions and patent disclosures.



