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«e     , Final Progress Report <? 
ARO Grant DAAD19-00-1-0567 

Communications in the Digital Battlefield: Fundamental Problems in the 
Design of Heterogeneous Networks 

PI: Upamanyu MadJiow 
Department of Electrical and Computer Engineering 

University of California, Santa Barbara 

1 Problem Statement 

The goal of the research was to investigate' optimization of communication over heterogeneous net- 
worlcs, uicluding consideration of nmltiple layers of the OSI networking hierardiy. The main focus 
was on wireless links, with key issues being optimization of the physical, Ihik, network and trans- 
port layers to obtain a desired Quality of Service (QoS). Topics considerctl ranged from si)ace-time 
(nmlti-anlcnna <:unununic^liou) and nniltiuscr detection to sclio<luliiig and performance analysis of 
TCP over wireless. 

2 Summary of Results 
This grant is a contmuation of an earlier grant, DAAG55-98-1-0219, obtdned while the PI was at 
the University of IlUnois. In this final report, therefore, we briefly mention some results from the 
earlier grant as well, including advanced degrees resulting from the researcli. 
1. A QoS framework for the wireless Internet: We propose a new QoS framework for 
wireless data applications that accounts for the heavy-tailed nature of Internet traffic. Instead 
of the conventional wisdom of provisioning more conservatively for sucli traffic, we investigate 
schednUng strategies that impficitly penafize the long transactions (e.g:, long file transfers) that 
contribute to the heavy tails, while providing good perfonnance to short transactions (e.g., a short 
web page download). Effectively, the long transactions are "niced", in analogy with computer 
operating systems, in times of congestion. The link schedulers we investigate have a bias in favor of 
short transactions without requurmg prior knowledge of the transaction lengths, and provide large 
performance gains over conventional round robin type scheduling. Preliminary results apiHsar in 
[7], [8]. Continuing funding for this research effort has been obtained from the National Science 
Foundation under a recent Information Tcdmology Researdi (ITR) award. 
2. Interference suppression, multiuser detection and equalization: We have dcvclopctl 
a new Differential Minimum Mean Squared Error (DMMSE) framework for adaptive interference 
suppression. When applied to direct setiuence (DS) CDMA systems with short spreading sequences, 
it yields receivers that are robust to rapid cliannel time variations [14], [18], for which traditional 
ailaptivc techniques basctl on the Mean Squared Error (MMSE) criterion fjul. When applied to DS 
systems with long spreading sequences, it provides a method for adaptative interference suppression 
that converges as rapidly as though a se<iuence of known trainmg symbols were perpetually avail- 
able, without requiring any training! This is accomplished by exploiting the receiver's knowledge 
of the si)rc<uling setiucncc for the desired user, using DMMSE-based adai)lation to avoid the need 
to know the symbols sent by the desire<l u.ser. A basic patent on DMMSE has been awarded [18]. 
Wo haw; nxxnitly nKilized that DMMSli, whilooriginally invented for CDMA .sy.sUuiis, i.s appiiral.lr 
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to providiH^autijam capability to GPS receivers with multiple antcnBas. Discussion with some 
defence contractors for technology transfer efforts are being initiated. 

A second major result is the development of a new paradigm for low-complexity nonlinear 
multiuser detection and e<iualization. The idea is to obtain, in parallel, several different estimates 
of the user data, and to arbitrate among these by choosing the estimate that best explains the 
rocoiviHl data, in terms of giving the largest value for the likelihood fuuclion. An ai)pliaition of this 
idea to equalization, using a forward and reverse Decision Feedback Equalizer (DFE) in parallel, 
yields the so-called Bidirectional Arbitrated DFE (BAD) [15), whicli give about a 2 dB gain over the 
DFE at comparable complexity. Extensions of BAD are explored in [9]. An application to multiuser 
detection, using several successive interference cancellers, each updating users in different orders, in 
parallel yields the Parallel Arbitrated Successive Interference Cancellation (PASIC) detector [12], 
[16], which yields about a 25% capacity gain over a standard SIC detector at comparable complexity. 
Another key development is a novel method for interference suppression on the downlink of a CDMA 
system with long spreading se<iuenccs [3]. 
3. Efficient noncoherent communication: This Une of inquiry arose from questioning the 
traditional coherent paradigm for receiver design, whidi consists of channel estimation, followed by 
detection and decoding assuming that the chaimel estimates are perfect. This paradigm is poorly 
matdied Cb time-varying cliaunels, but is nevertheless m universal use because of the popular 
misconception that it is inherently more efficient than the nonco/icnent paradigm, which does not 
require prior channel knowledge. We provide a framework for efficient noncoherent communication 
aimed at exploding this myth, and at devctoping a theory for communication over time-varying 
diannels that parallels and leverages the unmense strides m coherent communication over time- 
invariant chaimek. Results include signal space concepts for noncoherent communication, low- 
complexity noncoherent demodulation techniques, and generalization of the notion of differential 
Phase Shift Keymg (DPSK) to ampUtude/phase modulation [1], the development of a "turbo" 
framework for approaching the cai)adty of the noncoherent fading chaimel [13]. We have also 
shown [17] that, for contumously fading chaimd, channel estunation error nnposes a stringent 
limit on capacity at high SNR. In particular, we show that the capacity with Gaussian signaUng 
plateaus, instead of growing to infinity, as the SNR gets large, and we provide design criteria that 
constellations that do not exhibit such a plateau. 
4. Space-time communication: For systems m which a transmitter is equipped with an antenna 
array, space-time precoding strategies can give large performance gains. A simple information- 
theoretic formulation was used to derive prescriptions for combining the concepts of transmit 
beamforming (which requues good diannel estimates at the transmitter) and space-time coding 
(which requires no channel estimates at the transmitter), depending on the quaUty of the channel 
feedbadc available at the transmitter [2]. 
5. TCP over Wireless: Most Internet data jyjplications run on top of TCP/IP;, the dc focto 
standard Internet data transport, protocol. It is therefore crudal to be able to support TCP 
.scamlcissly over both wireless and wireline networks. Since TCP interprets any loss to be due to 
congestion, and drops its sending rate in response, its performance over a lossy wuxjless enviroimient 
can be disastrous^ We have shown, however, that it is possible to support TCP over wurdess by 
hiding wireless loss from it by means of an appropriate Imk layer error recovery sdieme. While 
many rescardicrs have looked at this problem, our work [5] provides the first analytical approadi 
to design of the wireless-wireline interface. 
6. qoS lor real-tiuKj traiUc ovei" wireless: 'llu; iwnuiof piovidinKQor>RUaiHnlnii (..»ivul U\w 



traffic was%ivestigatcd through the example of a llayleigh faded wirekss dowiiUuk. Methods for 
statistical multiplexing were considered, aud it was shown that QoS provisioning in this context 
requires consideration of traffic statistics, choice of link layer error recovery scheme, as well as 
wireless channel statistics. As far as we know, this is the first work [4] that provides detailed 
considieration of all these factors, and shows how important joint optimization across all the system 
parameters is for efficient design. 
7. Generalized round robin: Much effort has been devoted to sclieduling algorithms for both 
wireless and wireUne networks that guarantee per connection quality of service. Most of this work 
is based on the weighted fair queueing paradigm. We have shown (6] the surprising result that an 
allcniative approach, which generalizes the classical round robin scheduler, can be used to provide 
the same level of quality of service at mudi lower complexity. 
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4 Scientific personnel 

Prior to the transfer of funds to UCSB under the present graut, three students at the University 
of Illinois ixomplctal their Ph. D.s with support in part from the parent ARO grant DAAG55- 
98-1-0219: Heniaut Chaskar (1999 Ph. D.), Liping JuUa Zhu (1999 Ph. D.) and Julian Waldby 
(2001 Ph. D.). At UCSB, the grant seeded the Pi's research program in wkeless communication, 
providing partial supiwrt for four graduate students: Gwen Barriac, Kris Bruvold, Noah Jacobscn, 
and Zhenwen Shao. Preliminary results firom these efforts have been successfully leveraged to ob- 
tain funding from other sources. Gwen Barriac and Noah Jacobsen arc continuing theur work usmg 
funding from Motorola, along with matchmg funds fix)m the University of California Communica- 
tions Researcli (CoRe) program. Krb Bruvold and Zhenwen Shao arc contmuing under an NSF 
ITR grant. 

5 Inventions and Technology Transfer 

1) The following patent has been awarded: 
[18] U. Madhow, L. J. Zhu, L. Galup, "Differential nunimum mean squared error conuuunication 
signal compensation method," US patent 6426973, awarded July 30, 2002. 
Technology transfer efforts to apply this method to the design of GPS antijam receivers arc currently 

being iuitia:ted. ,     ,        r     i i   T 
2) The PI consulted with Bytemobile, a wheless infrastructure company that he co-founded. In- 
sights obtained fix)m the previously mentioned work on TCP performance over wkeless influenced 
new algorithms that the PI arcliitected for Bytemobile's product. 
3) The work on noncoherent and space-time communication done under this grant was leveraged 
(..» hot-ill .1 ioll;ilioi;U.i.m with Molmtihi fiir applyiuR Hiiwr idr-w tu Ol-'DM .systems. 


