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ABSTRACT power and the time-bandwidth product. The resource-

When a frequency band has been selected for &onsumption mefcric_is evaluated for sgvergl _code-
session in a dynamic spectrum access network, thgmdulatlon combinations. Shannon capac!ty limits are
initial choices for the modulation and coding must be €MPloyed to bound the resource consumption, and com-
consistent with the bandwidth that is available andParisons are made between the Shannon limits and the
the session’s quality-of-service priorities. A measure of €S0urce consumption levels achieved for turbo product
resource consumption is developed for use in the select®des applied to biorthogonal modulation, quadriphase-
tion of the code-modulation combination. The resource-Shift keying (QPSK), and quadrature amplitude modula-
consumption metric accounts for the bandwidth, data-ion (QAM).
transmission time, and transmitted power for the session.

Shannon capacity limits are employed to bound the Il. CODE-MODULATION COMBINATIONS
resource consumption and permit tradeoffs between the ) o
time-bandwidth product of the signals and the amount All the code-modulation combinations are examples

of power that must be transmitted to achieve reliable®f Pit-interleaved coded modulation [2], and the modu-
communication. lation formats include biorthogonal modulation, QPSK,

QAM, and complementary code keying (CCK). Helical
interleaving [12] is used for most of the modulation
formats, but S-random [3] interleaving is employed for

Several protocols are required for packet radios to b@)AM. Optional direct-sequence (DS) or frequency-hop
able to initiate and maintain reliable communications in(FH) spread-spectrum modulation may be applied to the
a wireless ad hoc dynamic spectrum access network. Ifata-modulated signal. Our numerical results are for a
this paper, we focus on the modulation-selection protocofamily of turbo product codes with iterative soft-decision
and the power-adjustment protocol. After a frequencydecoding. The trends in the performance results are
band has been selectedmedulation-selection protocol the same for standard convolutional codes with Viterbi
must choose a modulation technique according to thglecoding, but the required power levels are higher.
capabilities of the radios, the established etiquette foResults are also given for five hypothetical capacity-
transmission in the network, and the quality-of-serviceachieving codes of the same rates as the turbo product
(QoS) priorities for the session. Because the propagatiopodes.

loss is typically unknown for a new frequency band, a  The set of available modulation formats{®(; : 1<
power-adjustment protocahust adjust the transmitter ; < nm} and the set of codes i6C; : 1 <i < n.}.
power during the first few packets. A power level that The rate of code”; is denoted by;, and the codes are
is too low results in a large number of unsuccessfulindexed to giver; <r <... < y,. The radios employ
attempts to send packets to the destination. A poweg set{D;, : 1<k<n} of code-modulation combinations

level that is too high wastes energy and causes excessiyRat are indexed with a single subscript whose maximum
interference to other radios in the network. Althoughvalue isn < n.n,,. In many applications, some of the

most of the paper is devoted to modulation selectiony, n,, possible combinations are not used.
it is necessary to be aware of some features of power The modulation chipis the basic pulse used for the
adjustment when we introduce a quantitative method fodata modulated waveform. For example, suppdsés
choosing the initial code-modulation combination. a power of2 and M = 2N. The modulation symbols
The metric for modulation selection accounts for for A7-biorthogonal modulation can be obtained from
the three primary spectrum etiquette parameters: timean N x N Hadamard matrix. Each of th&/ modula-
bandwidth, and power. The metric is a measure oftjion symbols is a sequence of rectangular pulses of
resource consumption that permits tradeoffs between thguration7. and each sequence of pulse amplitudes
, _ that represents a modulation symbol corresponds to the
This research was supported by the Office of Naval Researdérun | . f th . h |
Grant N00014-04-1-0563. Thomas Royster received additisupport elements In a row of t e_ matrix or the comp ements
from a National Science Foundation Graduate Researchw&lp. of such elements)? I-Q biorthogonal modulation has
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M-biorthogonal modulation on the | and Q compo- bandwidth, data transmission time, and power. The data
nents, which implies that it has half the bandwidthtransmission time is the total time that the source is
of standard M -biorthogonal modulation for the same actively transmitting data during the session. Headers and
information rate. The high-data-rate version of IEEE preambles are not included.
802.11b CCK [4], which we denote b356-CCK, has Let n; be the number of signature sequence chips
the same bandwidth @56 1-Q biorthogonal modulation. per modulation chip for modulation format;. If there
However, if the turbo product codes that we consider arés no signature sequence, thgn= 1. Let m; denote
employed for error control, theR56 1-Q biorthogonal the number of binary symbols per modulation symbol
modulation gived—2.5 dB better performance tha%6-  and let L; denote the number of modulation chips
CCK for the additive white Gaussian noise (AWGN) per modulation symbol. Each packet contains the same
channel. A pseudo-random sequence, referred to as raumbern; of binary code symbols. If cod€; has rate
signature sequencecan be applied to some modula- r;, there arek; = r;n; information bits per packet when
tion formats to providespread-spectrum multiple-access code C; is used. If the chip waveform is a rectangular
capability[7], which permits multiple sessions to occupy pulse and the information rate 8, b/s, then the null-
the same frequency band simultaneously. Frequency hope-null bandwidth for modulation formai(; and code
ping can also provide multiple-access capability, andC; is B; ; = 2\; jR, Hz, where
it can easily be included in the metric for resource i Lt
consumption by use of the expressions in [9]. Nij = % (1)

The set{C; : 1 <i <5} of codes that are used to Mgt
obtain numerical values for the resource consumption is &presents the number of chips per information bit for a
set of five turbo product codes. The block length(e6  Single packet that uses; andM;; in particular,\; ; =1
for Cy, C5, andCs, whose rates are approximatelp2s,  for uncoded BPSK with no spread spectrum.
0.495, and 0.793, respectively. Each packet consists of ~ Suppose the session is required to delié bits
ny = 4096 binary code symbols, so there is one codeOf information regardless of which code-modulation
word per packet ifCy, Cs, or C5 is used. The block Ccombination is used. For codg; and modulationM;,
length forC is 2048 and its rate is approximately236.  the number of packets that must be decoded correctly
CodeC, has block lengthi024 and rate approximately at the destination isN; = [Ny/k;| ~ Ny/k;. The
0.660. There are two code words per packet(if is  €xpected number of packet transmissions required to
used and four code words per packetff is used. All  complete the session, including retransmissions of any
five codes and their iterative decoders are available on filed packets, isN;/Q; ;, where Q; ; is the packet
single chip [1]. The log-likelihood-ratio (LLR) metric [5] Success probability. IB; ; is the null-to-null bandwidth
is used for all modulation formats except QAM. For thatcan be accommodated in the frequency band selected

QAM, we use a simpler distance metric [6] that gives for the session, then the average data transmission time

approximately same performance. per session is closely approximated by
2N\ i
1. TIME-BANDWIDTH PRODUCT Tij= & ,B,J,a @)
QZ;] »J

A session must be established whenever one radioanol the parameter
the source wishes to send a sequence of packets
to another radio, thalestination Other radios within = Aig il ©)
range of the source are referred to asintended ’ Qi Qiymyk;

receivers these radios may experience interference froms approximately equal to the average number of trans-
the source’s transmissions. The source and destinatiomitted chips per delivered information bit. Both approx-
are part of a dynamic spectrum access network, so theynations are exact ifN,/k; is an integer. The time
must choose an available frequency band that meets theigquired for packet headers or preambles is not included
requirements. They must select modulation and codingn (2) or (3), but it is easy to account for such overhead
that are usable by both radios and satisfy all constraint§mes [9]. Theaverage time-bandwidth produdt; ; for
imposed by the frequency band that was chosen. Fog session that employs codg and modulation format
example, for some modulation formats and code ratesy; is U, ; = 7; ; B; ;. From (2) and (3) we see that
the packet transmissions may require more bandwidth

. ) . 2Np A j
than is available at the chosen frequency in order to U, o~
complete the session within the allotted time. We propose Qi
the use of a spectrum etiquette measure in the selectioBecause N, is does not depend od; or M; the
of the initial modulation and coding for a new session. parameter; ; can be interpreted as the normalized time-
The spectrum etiquette measure is a function of thébandwidth product. Thus far, we have accounted for the

= 2Nb7i,j- (4)



bandwidth and transmission time but not the power usedhe adjusted power level was never more tlian dB
by the source. It is desirable for the source to transmitabove the target level. For each modulation format, the
only the minimum power needed to provide the requiredadjusted power level was never less than the minimum
probability of success. The mechanism for ensuring thepower required to achieve a packet error probability of
source uses this minimum power is the power-adjustment0—2.
protocol that is described in the next section.

V. RESOURCECONSUMPTION

IV. POWERADJUSTMENT In this section, we consider a fixed but arbitrary code-

Because of the unknown propagation loss in a newmodulation combinatiorD € {D; : 1 < k <n} and
frequency band, the initial power level is likely to be a fixed value@ for the packet success probability, so
above or below the minimum level that achieves thewe omit the subscripts and j for the symbols that
desired packet success probability. If each session hawe used in (1)—(4). Also, for simplicity, we assume that
several hundred packets or more, then a session caN, is a multiple of the number of information bits per
tolerate excessive interference from the source for teacket, so the approximations in Section IIl are exact.
to twenty packets, but it cannot tolerate excessive interThe minor differences that arise /M, is not a multiple of
ference for a significant fraction of the packets in thethe number of information bits per packet are negligible.
session. Because the source does not know the correct Suppose the source and unintended receivers are
power level, the power-adjustment protocol must userandomly and independently located in the plane and
feedback from the destination to adjust the source’she packet success probability for the session is to be no
transmitter power at the start of each session. For eacless than@. The code-modulation combinatiof®;, :
packet that is received by the destination during thel <k <n} are available to the source and destination
power-adjustment phase, the destination receiver derivefer use in the session. The source’s transmissions cause
a demodulator statistic that is used to determine thenterference to unintended receivers that are nearby, so
power level for the next packet that is sent from thethe frequency band is not available for sessions that
source to the destination. Fdd-biorthogonal modula- involve those receivers. Suppose that a frequency band
tion, the demodulator statistic is a ratio statistic (sde [8 of width B Hz is unavailable to an average of
and [11]). For PSK and QAM, the demodulator statisticunintended receivers for an average Dfseconds per
is based on the Euclidean distance between each receivedssion whenever the source uses combindliamd the
symbol and its closest point in the signal constella-transmitted power density level & The power density
tion [6]. The statistic or a power-adjustment decision¢ is determined by the power-adjustment protocol, so
based on the statistic is included in the acknowledgmenit is very close to the minimum power density that
packet that is sent to the source. If the acknowledgmenprovides packet success probabiliyat the destination.
packet is received by the source, then the power levelf one unit of resource consumption corresponds to the
for the next packet is a function of the demodulatorprevention of one radio from receiving for one second
statistic for the previous packet. No matter where thein a frequency interval of one Hz, then the resource
power-adjustment decision is made, it is obtained byconsumption for the session with power dengjtis
applying an interval test to the demodulator statistic. _
For each packet that is sent during the power-adjustment RC=TBN. )
period but not acknowledged, the source automaticallyThe interference regiorfor the source’s transmission is
increases the power by a fixed amount (e5gdB). The  the set of all potential locations of unintended receivers
termination of the power-adjustment phase is determinedor which the received power density exceeds a specified
by a stopping condition applied to the demodulatorthreshold. The area of the interference region is the
statistics for the initial sequence of packets in the sessio interference area\ is the average number of unintended

For each modulation format, we simulaté@,000  receivers that are in the interference region when the
sessions with independent, random initial power levelssource employs code-modulation combinatibn The
that are uniformly distributed on the interval frothi dB  threshold is the minimum tolerable interference among
below the target level td5 dB greater than the target the unintended receivers, and power is normalized in
level. The target level was based on the requirement for auch a way that one unit of power density is equal to
packet error probability o£0~2. The highest-rate turbo the threshold. For evaluations of the relative resource
product code(;s) was employed in each simulation. The consumptions for different code-modulation combina-
power-adjustment protocol stopped within the first eighttions, multiplicative constants in the expressions are
packets of each session, and the adjusted power leveihimportant, so we let each such constant be unity.
was not more tharl.3 dB above the target level for Because of the uniform distribution of unintended
any session. Fdi4-biorthogonal modulation and QPSK, receivers A is proportional to the interference aref



. Modulation Code, Rate P T R SL A
so we setV = A. The interference area depends on—zgpre 010936 010 9283 23 17 13 dB

the range of the transmission. For a given combination  4-Biorth C2,0.325 0.12 16.58 2.0 1.5 1.3dB

D, the rangep and the transmitted power densifyare 64-Biorth C3,0495 0.15 10.88 1.6 1.3 0.9dB
related by¢p~® =1, wherea denotes the propagation GaBionh 05,0793 024 679 16 14 0.7dB
yop = =1, eS propag 756 1-Q Bioth 3, 0.495 081 2.04 1.7 1.3 L1 dB
loss exponent, which normally satisfies< o <6. The 256-CCK Cs,0.495 122 204 2.5
interference area is proportional to the square of the QPSK C>,0325 0.83 1.55 1.3 09 16dB
_ 2 _ 2/« QPSK Cs,0.495 145 1.02 15 1.0 1.5dB
range, .SO.A. P g . Recall tha}t the constant of SPsK Cr 0660 257 077 20 13 2.0dB
proportlonallty IS not Important, so It Is set equal to one. QPSK Cs,0.793 3.07 0.64 2.0 1.6 0.9dB
For most situations, free-space propagatior-Q) gives 64-QAM C2,0325 6.71 052 35 1.9 26dB
the maximum area. The interference area dot 2 is 64-QAM Cs, 0495 1473 034 5.0 3.0 2.3dB
. : : . 64-QAM C4,0.660 31.87 0.26 8.3 4.6 2.6dB
.A:C The propagatlon enVIroannt IS UnknOWr.'l, .SO n 64-QAM Cs,0.793 45.02 021 95 7.1 1.3dB
the assessment of the effects of interference, it is best
to use a small value for. We chosen =2 to make it TABLE |

very unlikely that the source’s transmission will cause  Resource consumption for a packet error probabilityt @f 2
interference over a wider area than predicted by our
model.

The average number of unintended receivers thahormalized time-bandwidth produet and the normal-
experience interference above the threshold is propolized resource consumptidR for Q@ =0.99. The values
tional to the interference area, sb= ¢ impliesN' =(  of 7 are computed from (3) and the values &f/ Ny
and (5) implies required to give) =0.99 are obtained from simulations

RC = T BC. ©6) of the iterative decoders for the five t_urbo product codes.
The results for@ = 0.999 typically differ by no more
It is convenient to normalize the resource consumption irthan(.3 dB from those shown in Table 1.
order to convert the source’s transmitted power density Because the normalized resource consumption is the
¢ to the received power densityat the destination. In ratio of the average received energy per information
the normalization, we also incorporate the number ofbit to the one-sided thermal noise density, we can
information bits that are delivered during the session anchpply the Shannon capacity limit fa, /N, to obtain a
the thermal noise density in the destination receiver. lower bound on the resource consumption for the code-

For a session that delivers; information bits to a modulation combinatiorD. However, the capacity limit
destination receiver with one-sided noise denaigyover  depends on the code rate and the modulation format,
a channel with gairt (the propagation loss is/G), the  so we must determine the capacity as a function of
received power density i§ = G(¢ and the normalized the code rate for each modulation format in the set

resource consumption is {M; :1<j<np,}
G T B¢ Let A be the minimum value of, /N, that permits
R= RC = : (")  reliable communication with binary codes of rateand
Ny Ny Ny Ny

modulation formatM. For example, if binary antipodal
modulation (e.g., BPSK) is used with coherent demodu-
lation and binary codes of rate the capacity is

It follows from (4) that 7B = 2N,r, because the
approximation in (4) is exact whenevay, is a multiple

of the number of information bits per packet, so (7)
implies C—l—/oo exp{—(u—a)?}

2 _pr ®8) e VT2

No wherea = /r&,/Ny. This equation and corresponding
where P =2¢/N,. BecauseV, is constantP is propor-  expressions for other modulation formats are of the form
tional to the received power density at the destination.

The relationshipR = P is used in the computation C=TI(a) =T (\/ Tgb/No) : (10)
of some of the entries in Table |I. To obtain another
relationship that is used for the table, we return to (7)
and observe thaB¢ is the received power an@ B¢

In[1+exp{—4au}] du,

If we wish to communicate at the capacity limit with a
code of rater, thenr = C, &,/Ny = A, and (10) give

is the average energy received per session. The average r=T (\/m) _ (11)
received energy per information bit& =7 B¢/N, so
Numerical methods are applied to solve (11) forto
R = &/No. ) pp (11)

find the lower bound orf, /N, for modulation format
For each code-modulation combination in Table I, weM and binary codes of rate. The results for BPSK
give the values for the normalized power denditythe  and coherent demodulation for the AWGN channel are



10 ‘ ‘ ‘ ‘ of the nature of the wireless communication channel, so
it may be more realistic to establish QoS priorities rather
8 than impose QoS constraints. The resource-consumption
g ol metric can be employed with QoS priorities to conduct
o tradeoffs among time, bandwidth, and power require-
i ments for the session.
3 4 | Tradeoffs can be performed for a specific class of
% o | codes by employing the resource-consumption melric
12 For optimal codes, we can conduct tradeoffs by using the
ol | Shannon limitSL as a metric. The results in Table | for
these two metrics suggest that if good error-control codes
are employed, then the smallest resource consumptions

o 0.2 0.4 0.6 0.8 1 are obtained with code-modulation combinations that

Code Rate compromise between achieving low interference levels

Fig. 1. Capacity limits for binary antipodal modulation witoherent ~ fOF Unintended receivers and small time-bandwidth prod-
demodulation. ucts.

For an ad hoc network in which the destination is

not always within communication range of the source,

illustrated in Figure 1, wher&NR = 10log,,(£,/Ny)  Some packets must be relayed to the destination by

is the information_bit_energy to noise_densiw ratio in intermediate nodes in the network. Route selection in

decibels (dB). the network should be influenced by the amounts of

We app|y the solutions of the Capacity equations forresources that W|" be Consumed by the alternative routes.

the modulation formats i{M; : 1 <j <n,,} and the This can be accomplished by combining the resource-
rates of the codes i{C; : 1 <i < n,} to determine consumption metric with other routing metrics [10] to
asymptotically tight lower bounds on the normalized Provide link weights for the routing protocol.

resource consumption for the code-modulation combi-

nations in{D;, : 1<k <n}. These bounds represent the VI. CONCLUSION

srll”nallest possl{blt()el values for. th? rt?sgurc,je (f:onsulmgtllon A protocol for initial power adjustment is presented
that permit reliable communication; that is, for refiable i, gaction v, We found that our protocol, which uses

comm_unlqat_lon,R cannot be _Ies_s than the Shannonan appropriate demodulator statistic for each modulation
capacity limit for th_e c_ommun|cat|on channel from the ormat, can adjust the power to a satisfactory level within
source to J.[he destination. In Tabl_e | are the values _O{he first eight packets of a new session. Application of
the normalized resource consumption, the.correspondlngﬂs protocol ensures that the transmitted power density
yalues for the Shannon limiB{.), and the d|ﬁer§nce& is close to the minimum possible for the specified packet
in dB between the two. The resource consumption for th%uccess probability. A framework for modulation selec-

turbo product code and the Shannon limit are rounded t@. ) oo on a proposed measure of resource consump-

thedréiarest tentholln Table |, szt n;oreéo Cr:imse \éallue_Rfor tion is presented in Section V. A resource-consumption
an were used to computa. For modulation, - eric is derived in that section, and it is evaluated in

tf}ere ?re no e?‘t”es f(ﬂL_ orfA téeéause gf lth(? difficulty Table | for several modulation formats. Shannon theory
ot evaluating the capacity for K modulation. is used to obtain lower bounds on the resource con-

f There are many p_otenna(lj uEes for _]E_he Conceptsumption. It is shown that neither the code-modulation
of resource consumption and the specific Tesources,inations with the lowest power spectral density nor

consumption metric that we have proposed_. If.users arfhe combinations with the least time-bandwidth product
required to pay for spectrum, then one application of the

; D ; ; rgive the smallest resource consumption.
resource-consumption metric is to provide a basis fo
fee assessment in the dynamic spectrum access network.
The metric also provides a quantitative measure that can
be used in the selection of the initial modulation and [1] Advanced Hardware Architectures, Inc., Product Spemifi
coding for a new session. For instance, the protocol that ~ fion for AHA4501 Astro 36 Mbits/sec Turbo Product Code
lects th d dulati binati Id minimi Encoder/Decoder. Available: http://www.aha.com
se eC§ eco e—mo_ ulation combination could minimize [2] G. Caire, G. Taricco, and E. Biglieri, “Bit-interleavedoded
R subject to constraints on delay or other QoS measures.  modulation,”[EEE Transactions on Information Theoryol. 44,
Constraints could also be imposed on the resources_ N0 3, pp. 927-946, May 1998.
th | i bandwidth d G t d[3] S. Dolinar and D. Divsalar, “Weight distributions forrho codes
emse Yes' Ime, h an - width, an poyver._ uarantiee using random and nonrandom permutatiod?L. TDA Progress
QoS is impossible in wireless communications because  Report 42-122pp. 56-65, August 1995.
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