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@ , Final Progress Report =
B ARO Grant DAAD19-00-1-0567
Commumcatmns in the Digital Battlefield: Fundamental Problems in the
Design of Heterogeneous Networks

PI: Upamanyu Madhow
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 heterogencous net-
works, including consideration of multiple layers of the OSI networking hicrarchy. The main focus
was on wircless links, with key issues being optimization of the physical, link, network and trans-
port layers to obtain a desired Quality of Service (QoS). Topics considercd ranged from space-time
(multi-antenna communication) and multiuser detection to scheduling and porfommnco aualysis of
TCP over wircless.

2 Sﬁmméry of Results

- This grant is a continuation of an earlier grant, DAAG55-98-1-0219, obtained while the PI was at.

. the University of Illinois. In this final report, therefore, we briefly mention some results from the
earlxcr grant as well, including advanced degrees resulting from the research.

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 traflic. Instcad
of the conventional wisdom of provisioning more conservatively for such traffic, we investigate
scheduling strategies that implicitly penalize the long transactions (e.g:, long file transfers) that
contribute to the heavy tails, while providing good performance to short transactions (e.g., a short
~ web page download). Efectively, the long transactions are “niced”, in analogy with computu:
operating systems, in times of congestion. The link schedulers we investigate have a bias in favor of
_ short transactions without requiring prior knowledge of the transaction lengths, and provide la.rge
. performauce gains over conventional round robin type scheduling. Preliminary results appear in
[7), [8]. Contiituing funding for this research effort has been obtained from the National Sclence ,
Foundation under a recent Information Technology Rescarch (ITR) award. '
2. Interference suppression, multiuser detection and equalization: We have dcvclopcd
a new Differential Minimum Mean Squared Error (DMMSE) framework for adaptive interference
suppression. -When applied to direct sequence (DS) CDMA systens with short spreading scquicnces,
it yiclds receivers that are robust to rapid channel time variations [14], [18], for which traditional -
adaptive techniques bascd on the Mean Squared Error (MMSE) criterion fail. When applied to DS
systems with long spreading sequences, it provides a method for adaptative interference suppression
that converges as rapidly as though a sequencé of known training symbols. were perpetually avail-
able, without requiring any training! This is accomplished by exploiting the receiver’s kuowlcdge
of the spreading sequence for the desired user, using DMMSE-based adaptation to avoid the need
to know the symbols sent by the desired user. A basic patent on DMMSE has been awarded [18].
We have recently realized l.ha.l. DMMSE, while originally invented for (,l)MA syslvms is applicable
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to providingf"antija.:ﬁ capability to GPS receivers with mulfiple antenmas. Discussion with soine
defence contractors for technology transfer efforts are being initiated. - ’

A second ix;ajor result is the development of a new paradigm for low-complexity nonlinear
multiuser detection and equalization: The idea is to obtain, in parallel, scveral different estimates
of the user data, and to arbitrate among these by choosing the estimate that best cxplains the
received data, in terms of giving the largest value for the likelihood function. An application 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], which give about a 2 dB gain over the
DFE at comparable complexity. Extensions of BAD are explored in [9]. An application to multiuscr
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 isa novel method for interference suppression on the downlink of a CDMA
system: with long spreading sequences [3]. : R ‘
3. Efficient noncoherent communication: This line of inquiry arose from questioning the
traditional coherent paradigm for receiver design, which consists of channel estimation, followed by
~ detection and decoding assuming that the chaunel estimates are perfect. This paradigm is poorly
matched o time-varying channels, but is nevertheless in universal use ‘because of the popular
misconception that it is inherently more efficient than the noncoherent paradigm, which does not
 require prior channel knowledge. We provide a framework for efficient noncoherent communication
aimed at exploding this myth, and at' developing a theory for communication over time-varying
* channels that parallels and leverages the immense strides in coherent communication over time-
invariant chaunels. Results include signal space concepts for noncoherent communication, low-
complexity noncoherent demodulation techniques, and generalization of the notion of diffcrential
 Phase Shift Keying (DPSK) to amplitude/phase modulation [1], the development of a “turbo”
framework for approaching the capacity of the noncoherent fading channel [13]. We have: also
shown [17] that, for continuously fading channel, channel estimation crror imposes a stringent
limit on capacity at high SNR. In particular, we show that the capacity with Gaussian signaling
- 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. S ~
‘4, Space-time communication: For systems in 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 requires good channel estimates at the transmitter) and space-time coding
(which requires no channel estimates at the transmitter), depending on the quality of the channel .
feedback available at the transmitter [2]. e L
5. TCP over Wireless: Most Internet data applications run on top of TCP/IP, the de facto
standard Internet data transport.protocol. It is therefore crucial to be able to support TCP
scamlessly over both wircless 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 wircless environment
can be disastrous. We have shown, however, that it is possible to support TCP over wireless by
hiding wireless loss from it by means of an appropriate link layer error recovery scheme. While
many rescarchers have looked at this problem, our work [5] provides the first analytical approach
to design of the wireless-wireline interface. B o .
_ 6. QoS for real-tinme traflic over wireless: "The issue of providing QoS guaraubees Lo real lime
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traffic was<uvestigated through the example of a Rayleigh faded wircless downlink. Methods for

) .stahstnca.l multiplexing were considered, and it was shown that QoS provisioning in this context
requires consideration of traffic statistics, choice of link layer error recovery schemec, as well as

wireless channel statistics. . As far as we know, this is the first work.[4] that provides detailed
consideration of all these factors, a.nd shows how important joint optnmza.tnon across all the system
parameters is for efficient design.

7. Generalized round robin: Much effort bas been devoted to scheduling algorithms for both
wireless and wireline 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
alternative approach, which generalizes'the classical round robin scheduler, can be uscd to provndc
the same lcvel of quality of service at much lower comple:uty
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(c) Papers presented at meetings, but not published in conf. proc. ' '
(d) Manuscripts submitted, but not yet published o :
[13] R.-R. Chen, R. Koetter, D. Agrawal, U. Madhow, “Joint demodulation and decoding for the
noncoherent block fading channel: a practical framework for approaching Shannon capacity,” under
revision, JEEE Transactions on Communications. » '
{14] L. J. Zhy, U. Madhow, L. Galup, “Differential MMSE: two applications to interference sup-
pression for direct sequence CDMA,” under revision, IEEE Transactions on Commaunicalions.
[15] AC. Singer, U. Madhow, C.S. McGahey, and J.K. Nelson, “BAD: Bidirectional Arbitrated
Decision Feedback Equalization,” under revision, IEEE Transactions on Communications.

[16] G. Barriac, U. Madhow, “Low-Complexity Multiuser Detection using Parallel Arbitrated Suc-
cessive Interference Cancellation,” submitted for publication, IEEE Transactions on Comnmunica-
tions. . ' : ‘
{17] R-R. Chen, B. Hajek, R. Koetter, U. Madhow, “On fixed input distributions for noncoherent
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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 Tllinois ccompleted their Ph. D.s with support in part from the parent ARO grant DAAGS55-
08-1-0219: Hemant Chaskar (1999 Ph. D.), Liping Julia Zhu (1999 Ph. D.) and Julian Waldby
(2001 Ph. D.). At UCSB, the grant seeded the PI's research program in wireless communication,
providing partial support for four graduate students: Gwen Barriac, Kris Bruvold, Noah Jacobscn,
and Zhenwen Shao. Preliminary results from these efforts have been successfully leveraged to ob-
tain funding from other sources. Gwen Barriac and Noah Jacobsen are continuing their work using
funding from Motorola, along with matching funds from the University of California Commnunica-
tions Rescarch (CoRe) program. Kris Bruvold and Zhenwen Shao are continuing under an NSF
ITR grant. ‘ S S L S

5 Inventions and Technology Transfer

1) The following patent has been awarded: . : , : o
[18] U. Madhow, L. J. Zhu, L. Galup, “Differential minimum mean squared error communication
signal compensation method,” US patent 6426973, awarded July 30, 2002. ‘ -
Technology transfer efforts to apply this method to the design of GPS antijam rcceivers aré currently |
being initiated. o . S S

2) The PI consulted with Bytemobile, a wireless infrastructure company that he co-founded. In-
sights obtained from the previously mentioned work on TCP performance over wireless influenced

new algorithms that the PI architected for Bytemobile’s product.

.

3) The work on noncoherent and space-time communication done under this grant was leveraged
"o begin a collaboration with Motorola for applying these ideas to OFDM systems.



