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Abstract—Spectrally Modulated, Spectrally Encoded SDR system architecture. These future CR-based SDR
(SMSE) waveforms have demonstrated considerable prac- communication systems are even more promising when
tical utility and remain a viable alternative for Cognitive they exploit the design flexibility and computational ef-

Radio (CR) -based Software Defined Radio (SDR) applica- . . . . .
tions. As demonstrated in this paper, this utility is greatly en- ficiency of Orthogonal Frequency Division Multiplexing

hanced when soft decision selection and dynamic assignment (OFDM) [6].
of SMSE design parameters is incorporated. This paper In wireless communications, signals are designed to

provides the analytical development for optimizing SMSE  “coexist” within various physical domains (time, fre-
performance In a coexistent environment contalnlng Prlmary quency, space, polarization and COdE). The design chal-

User (PU) signals. Optimization is performed by exploiting . - u N :
statistical knowledge of PU spectral and temporal behavior, lenge is to provide “peaceful” coexistence such that

and independently selecting SMSEntra-symbol subcarrier mutual interference is manageable by all users. In the con-
power and modulation order using soft decision criteria. It  text of CR-based SDR waveforms, signal coexistence is
is shown that SMSE system throughput can be maximized obtained through waveform tailoring, or dynamic design,
while adhering to SMSE and PU bit error rate (BER)  anq provides interference performance that can be char-
constraints while limiting mutual coexistent interference to terized th roverl derl hvbrid |
manageable levels. For proof-of-concept demonstration, sim- acterize rouQ_ veriay, under ay or hybnd overiay- .
ulation results are presented for SMSE coexistent scenarios Underlaymechanisms. The specific waveform characteri-
containing DSSS and OFDM-based 802.11a PU signals. A zation is determined by comparing CR and Primary User
sensitivity analysis is also provided to show performance (PU) signal characteristics in the jointly occupied physical
changes resulting from variation in SMSE waveform update domain(s). Basic CR-based SDR waveform characteri-

latency and update interval. Relative to a spectrally-only . - ;
adapted waveform, the spectrally-temporally adapted SMSE zation can be summarized as follows: 1) Awerlay

waveform provides significant performance improvement. ~Waveform desigravoidsinterference by occupying areas
Maximum improvement is achieved using statistic-based within physical domain(s) where PU signals do not exist;
prediction of PU channel temporal conditions and the  2) An underlay waveform design occupies the same areas
appropriate SMSE waveform design update interval. within the physical domain(s) while inducing “manage-
Index Terms—Coexistence, OFDM, SMSE, Opportunistic ~ able” interference to the PUs; and 3) A hybderlay-
Spectrum Access, Dynamic Spectrum Access, Waveform ynderlaywaveform achieves both interference avoidance
Agility, Adaptive Modulation. and management [7]-[9].
This work addressesoexistentCR-based SDR wave-

|. INTRODUCTION form design in a PU signal environment using OFDM-

based Spectrally Modulated, Spectrally Encoded (SMSE)

Within the field of communications, there exists an everwaveforms [10], [11]. Relative to previous related work

growing demand for greater _system performance amld%at considered similar design constraints [12], [13], this
an apparent shortage of available spectrum. Stated more

accurately, the spectrum remains largely under—utilize@aper provides: 1) a detailed analytical development for
with some suggesting that 70% to 95% is inefficiently oft decision selection and dynamic assignment of SMSE

. o2 subcarrier modulation order and power, 2) a sensitivity
utilized at any point in time [1]-[3]. As such, the researchanalysis for SMSE parameter update latency and up-

emphasis remains focused on using existing resourcte interval, and 3) proof-of-concept demonstrations for

?zraeg!g'egg raﬂ;eé;t)r;;cadsrgz?dmc? Frznodr_eo ' BSOSEC?%T]'}WO different PU environments. Results here demonstrate
ive Radio (CR) an r ined Radio ( ) tech, otential performance improvement that can be realized

Potential or allviating apparent specum shortages [4]10uSh adaptive design of temporally and spectraly agil
[5], with some of the more efficient approaches COU_SMSE waveforms. By exploiting statilstlcal knowledge
Iir,1 intelligent CR algorithmic control with a flexible of PU spegtral ar?d_tempor_al behav_lor, SMSE system
ping 9 9 throughput is maximized while adhering to both SMSE
Manuscript received April 14, 2009; revised August 16, 2009; ac-and PU bit error rate (BER) constraints. Section Il in-
cepted August 30, 2009. troduces the framework used to design temporally and
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spectrally agile signals. The adaptive waveform desigmwireless applications [20]-[23] that have predominantly
process is developed in Section Ill, focusing on theused spectral-onlydesign to maximize OFDM system
temporal and spectral statistics of PU signals as well athroughput without due regard to coexistent system im-
manageable interference levels for both the SMSE and Ppact. As a result, their utility diminishes in the presence
systems. Simulation results are provided in Section V andf PU systems which require a given performance level.
Section VI for coexistent scenarios containing temporallyThus, greater design flexibility through independent se-
unstructured Direct Sequence Spread Spectrum (DSS®ction of OFDM subcarrier features is required.

PU signals and temporally structured 802.11a signals,

respectively. In Section VIII, the performance sensitivity B, SMSE Analytic Framework

Fo ,SMSE_ waveform update latency and update interval Fundamental research has been completed that provides
IS m_vestlgated _and the resultant trade-spa_ce explorex$‘uni1‘ied framework to aid in the spectral design of OFDM
Section IX provides a summary and conclusions. signals. The so-called Spectrally Modulated Spectrally
Encoded (SMSE) framework in [10], [11], reduces the
generally complex spectral design of OFDM signals down
A. OFDM-Based Design Methods to the selection of six key parameters. Each SMSE param-

Orthogonal Frequency Division Multiplexing is a key €ter is introduced to incorporate various waveform design
techno|ogy for imp|ementing Spectra“y efficient SDR [4] characteristics Commonly employed in communications.
and posses inherent frequency agility through the use dfvhile the design of OFDM spectral components can be
a spectral domain design process [6]. OFDM effectivelyaccomplished by various means, the SMSE framework
divides the total available bandwidttB{) among N,  Provides a concise methodology for describing OFDM
narrower subcarriers, with each subcarrier modulated b§ignals through various SMSE parameters.
independent data streams. Due to the lower bandwidth The general SMSE framework specifies the transmit-
allocated to each subcarrier, the time duration of eacked waveform design for thé"" SMSE symbol using
OFDM symbol (s) is increased when compared to single@ specific collection of waveform design parameters,
carrier techniques using the sama-. However, due to including: coding ¢ = [c1,ca,...,cn] c; € C, data
the parallel nature of OFDM, approximately the same datdnodulation d = [di,ds,...,dn,].d; € C, window-
rate (Rp) can be achieved. One benefit of this procesdnd: W = [wi,wa,...,wn,|,w; € C, and a phase-
is that spectral regions withi®, that have either poor ©nly orthogonality term, o = [o1,02,...,0n,], 0; €
channel quality or contain high interference levels carlC, [oi| = 1 V 4 [10], [11]. Collectively, these terms
be avoided in favor of spectral regions having bettefunctionally incorporate various waveform design fea-
channel responses and reduced interference. Additionall{res that are commonly employed in communications.
through proper selection of OFDM parameters, frequency he intra-symbol frequency components used to gener-
selective channels that would have distorted the signate each SMSE symbol are controlled by tassign-
from a single high rate data stream can appear as fréD€nf a = [a1,a2,...,an,], a; € {0,1}, and use
quency flat channels to each of an OFDM system’s narrow = [u1, uz,...,un,], u; € {0,1} parameters, where
subcarriers. These aspects of OFDM provide the foundaz€ros indicate there is no transmission at that particular
tion of OFDM'’s ability to spectrally design its signal to frequency. Theassignmenparameter specifies available
achieve coexistence with other users while simultaneouslffequency bands, while theseparameter dictates which
maximizing its own throughput and performance. ones are actually used. Thus,is a subset oh, u C a,

Adaptive methods have been proposed for OFDM-Uch that only assigned carriers can be used.
based communication systems in order to spectrally adapt The spectral representation of th& SMSE symbol is
to changing channel conditions while increasing perforgiven by [10], [11]
mance in thg presence of other. users. The comple>§ity St =2, Ou OcOdy OW O o0, 1)
of these designs ranges from simple spectral notching
(avoid spectral regions with high interference or poorwhere® denotes a Hadamard product. Thé" subcarrier
channel gain) to theoretically optimal methods, such asomponent ok, is given as
water-filling, that strive to achieve Shannon capacity [14],
[15]. These methods generally suffer from either limited
performance capability or unrealistic design constraints. Omi =be,, +0a,, . + 0w, +bo,.,
Some of the more practical adaptive techniques emplo
traditional modulation schemes with subcarrier adaptabil .
ity provided on either amter-symbolsymbol-to-symbol) there are Ny total subcarriers, andiy k. wm,k, Cms
or intra-symbol(within a symbol) basis. The inter-symbol %en dm.ker 0, o Wi, Ow,, andd,,, , are corresponding
class of signals, e.g., OFDM-based 802.11 [16], typically@dnitudes and phases of the design parameters.
use fixed assignment of modulation type, order, etc., for o
all subcarriers within a given symbol. Signals using intra-C- Soft Decision SMSE (SD-SMSE)
symbol adaptability vary subcarrier properties within each The general SMSE framework has been extended in
symbol. This has been used in both wired [17]-[19] andrecent work to allow for soft decision SMSE (SD-SMSE)

Il. SPECTRALWAVEFORM DESIGN

Sk[m] - am,kum,kCmdm,kwmej@m’ka (2)

E//vherem =0,1,..., Ny—1is the subcarrier index number,
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implementation [24]-[26]. In SD-SMSE, the original

hard-decision restriction on SMSEssignment(a) and Ny —1

use(u) parameters (on or off) is relaxed and a range of 7., ! g Z {sk[m] Bits / Symbol} )
continuous non-negative real values applied. For the form 0

of SD-SMSE considered here, elements ofdesignment -

sequence{a} and use sequence{u} include values of ~ Such that

a; € [0,1] andu; € [0,1]. In the context of this more N1

general SD-SMSE framework, the desired soft decision

effects include: 1) thassignmenparameter indicating the E 7;) {sp[m] Power}) < Ap, “)
total amount of power that the SD-SMSE system is al- -

lowed to allocate in specific spectral regions, with= 1 Ny—1

indicating maximum possible (normalized) transmission E Z {sk[m] Interference}| < Ay, , (5)
power; and 2) theuse parameter indicating the fraction m=0

of total available transmission power that is actually useqN

I b ral : A tina for th here Ap is the total average SMSE symbol power,
across all possible spectral regions. Accounting for thesg " _ {1,...,Npu}, Npy is the total number of PUs,

two ,SlﬁeCtS’ th? tqtal (normaliged) poweerransmitted oMy, is the maximumeffectiveinterference power (after
the ¢** subcarrier IsP; = (a;u)* X |e;diwil*. passing through the PU receive filter) that t& PU can
Development of the SD-SMSE framework naturally {gjerate from the SMSE and still maintain its BER limit,
follows that of the original SMSE framework, with the 4,4 p(e] denotes the expectation operator. If the spectral
spectral representation remaining unchanged from thatynsiraints in (3) through (5) are viewedterministically

given in (1) and (2). The framework in (2) is well-suited it respect to theurrent channel response, they can be
for optimization given that independent selection of '”tra'expressed as:

symbol subcarrier power and modulation type/order is
enabled through the,, , andd,, ; design parameters,
respectively. Since the SMSE parameters for each subcar- Maz -~ E > logy(My)| o, (6)
rier are independent from those applied to all others, each Mn={ giz5s m=0

subcarrier can have independent power level and modu- gch that

lation assigned. Furthermore, the subcarrier power and

modulation can be dynamically modified on a symbol- Ny—1
by-symbol basis in response to changing channel and/or E Z P (M, Hp) | < Ap (1)
interference conditions. The end result is the ability to m=0

explicitly design a signal that is both time agile across

. . [Ny—1
symbols and frequency agile across subcarriers. E Z 1 (M, Hy) | < Ay, ®)
m=0
I11. SD-SMSE WAVEFORM DESIGN where M,, is the m!"* subcarrier modulation order,
_ P,.(M,,, H,,) is the power transmitted on the'" sub-
A. Spectral Design carrier using modulation ordeV/,,,, H,, is the observed

. h . o .
SMSE system performance is maximized subject tochhannel I?a'nf?n :Ehm tSlfcharrler, andm(g[m’Ha”L'Sth
specific design constraints. For this work, the impose& e resultanefiectiveinterference power observed by the

th th H i
design constraints include: 1) Fixed total average SMS PU due to them™ SMSE subcarrier (after passing

power (summed across all subcarriers), 2) Fixed max_t— rough the PU receive filter). Note thadt,, = 1 is

imum SMSE BER (for all subcarriers), and 3) Fixed introduced in (6) to account founusedsubcarriers, as
maximum BER for each PU signal. For’ demonstration,idemiﬁed by zero entries in SMSE variahkein (1), with

the design is further constrained to operate with a predeE)"” (éw’",“ HT}‘) = 0 when MT} ~ L. . b
termined set ofV; contiguousassignedrequencies, with T de;nter err1ence power 'mm’\ffv n ézt),; ¢an be com-
coding (c), windowing (w), and orthogonality (o) terms puted from the BER equation for t PU system.

in (1) set to unity. The subcarrier modulations are Selecte@\pproximating the intgrference from the SMSE signal as
independently and set to 4-QAM, 16-QAM, 64-QAM, Gaussian, and assuming the PU uses a rectangular QAM

or 256-QAM. Thus, the final design process involves®’ coherent BPSK signal, the uncoded PU BER is [27]:

optimal selection ofdata modulation(d) and frequency 3 SINR py/

use (u) parameters. Specifically, within the overall goal Py, ~ Cpy x Q ( 2(Ml)> 9)
of maximizing average throughput (bits/sec), the SMSE Py

system first selects which subcarriers are used. For each c 4(vaMpy — 1)

selected subcarrier, the SMSE system then selects 1) the PU =~

modulation orde(M < {4, 16,64, 256}) and 2) allocated aMpulogy(aMpu)

power. The spectral design constraints for k& SMSE SINR pyy = 2logy(aMpy)Ep,

symbol are expressed as: Ny + zzﬁf: ‘01 Iy (M, H,,)
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where Mpy is the modulation order used by the PUs,
Ny/2 is the noise power spectral densitl, is the SINR,, = 2logy (M) Ep,,
energy used by the PU for each transmitted bit, and No + ZZiV:PlU Pppo,
is a constant set ta = 1 for QAM or o = 2 for BPSK.
Rearranging the terms in (9) gives

which gives the desired value &, (M,,, H,,) as

1 M, E
Nyj—1 Proy(My, Hyy) = %ﬂ
Z qun(vaHm) S AL, (10) N s
m=1 PU B(Mm)
_ =| Ny+2 Ppym | T2~ (15)
N 3logy(aMpy)Ep, 1 ( P, 2 B % ( 1;2::1 PU ) |H,, |2
Q(OéMpU - 1) CPU 2
whereQ(-) is given by 2 _
Y - BMy) = |t (Lo M., — 1
! =2 Om STS
Qz) = / e 2 dy. (11) . _
V2 Ja where E,, is the energy per bit allocated to the:

_ subcarrier and’s is the SMSE symbol period.
The resultant interference power observed by dfe

PU due to then' SMSE subcarrier]?, (M,,, H,,), can The .r'esult in (1'5) pr.ovides. the power rgquired to use
be obtained either through a priori knowledge of the PUR SPecific subcarrier with a given modulation ordef,.
transmission statistics, or by monitoring PU transmissioné more useful metric is the incremental powarP,, ;

and forming estimates based on the PU channel acce§&duired to use the next higher modulation order on a
characteristics and PSD. Assuming the PU employs 8Pecific subcarrier:

matched filter receiver, the value féf, (M,,, H,,) can be

obtained by correlating the PSD for thé* PU, Z,(f), Npo
and them'" SMSE subcarrier PSDX,,,(f), as given by AP, ;= | Ny +2 Z Pyt AB 7 (16)
(31) in the Appendix: ’ ~ ") |Hm|?

v p— 1 >

LM Hi) = = [ 2000 Xuth) a1 AB, = Blng) — Bloi_y)

Po(Mp, He) [~ :
= %/ Zy(f) |P(f—fe—mAf) df wherey; = {4, 16, 64, 256} for the index values =
STPU - J-oo {1, 2, 3, 4}, and~, = 0.
= P (M, Hp ) pr, (12)

Using (16) removes the need to consider the modulation
where Pp; is the power of thev™ PU signal, f. is  order being used on a particular subcarrier. Instead, each
the SMSE carrier frequencyA f is the SMSE subcarrier individual subcarrier can be regarded as four distinct
spacing, and’(f) is the Fourier Transform of the SMSE channels each capable of transmitting two bits, and each
pulse shape. with their own power requirement. HenceP,,, ; denotes

Similarly, the resultant interference power observed byf’® @mount of power required to transmit an additional
the mt" SMSE subcarrier due to thé” PU. denoted™ two bits. This reduces the problem of determining what
can be estimated by simply measuring the interferenciodulation order to use for each subcarrier and what

power received on each SMSE subcarrier, which is giverqorresponding power level .to assign to eakf into
by (30) in the Appendix as: the task of a deciding to either employ or not employ

each “bit-pair channel”, each with an independent power

00 ‘ﬁ(f — f. — mAf) 2 requirement ofAP,, ;. By viewing the channel in this
fﬁz :/ T Zo(f) df way, a simpler and more equitable comparison can be
—oo s made between channel configurations, and a single metric
= Ppupm (13)  can be used to assess the amount of additional power

that will be required for each potential pair of transmitted
bits. It should also be noted that for all values of interest
ABjy1 > AB;, and henceAP,, ;.1 > AP, as

To determine the required value &, (M,,, H,,) in is required to ensure that the “bit-pair channels” for a
(7) that yields the desired subcarrier BER, consider thgarticular subcarrier are selected in increasing order of

where P(f) is the Fourier Transform of the SMSE pulse
shape after cyclic prefix removal.

BER equation for then!” SMSE subcarrier [27]: (i.e., 4-QAM, to 16-QAM, to 64-QAM, etc). As a result,
(6) through (8) can be concisely expressed as
2
Pbm ~Cm X Q ( BZZL} SIN11:§m> (14) Ng—1 4

m Maz 2t v s 17

UWL,I:{()’]‘} ’FH,Z:U ; ,l ( )
o - _AWAL - 1)

" /M, logy (M) such that
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information that the SMSE system has and can maintain

Ne b 4 about PU transmission characteristics. In the simplest
Z ZAPMU’”Z <Ap, (18) model, the PU “state” is modeled simply as whether or
m=0 1=1 not the PU was transmitting at the end of the most recent
Ny—1 4 SMSE symbol (PU is on or off). The result israac-
Z ZAPm,lpZ@Um,l <Aj,, (19) tive spectrally-temporally designed SMSE waveform. In
m=0 [=1 contrast to spectrally-only designed waveformesctive

where U,,; € {0,1} indicates whether the “bit-pair spectrally-temporally designed waveforms avoid spectral
channel” indexed byn and! is used. The optimization regionswhenandwherePU signals are actually present.
problem then reduces to selecting which “bit-pair chan-This model is suitable when the PU system operates:
nels” to use and which not to use by settitig, ; to the 1) without a fixed timing structure, or 2) if the time-
appropriate value. This maximization can be solved usingarying structure is unknown.

Lagrange’s method by maximizing The PU state model complexity can be described to
account for both transmission condition (on or off) as
well as duration (how long the PU remains in a given

Ny1 4 . ..
state). This additional knowledge enables the SMSE to
Um],\f[:%,u mX::O ; L1l statistically predict times that a PU is likely to transmit.
N As a result, the SMSE system is better able to adapt prior
Al to experiencing interference from the PU. Thigdictive
= mj\l/‘[%l { mlUml} (20)  model is suitable when the PU system operates with
m=01=1 known temporal structure, such as some defined range
Nru of allowable transmission durations or when temporal
Limi=1=ApAPo; = > A, APy p}, guard bands exist between successive transmissions. This
v=1 information can be included as part of the state description

whereAp > 0 and \;, > 0 are the Lagrange multipliers and used to compute times that PUs are highly likely
that satisfy the constraints in (17) through (19). The abovéo transmit. The resultant waveform is able to avoid

term is maximized by assigning PU signals with an even greater degree of temporal and
spectral agility as compared to the merebactivecase.
Uyl = { L, Ly 20 ) (21) For any level of state complexity, the SMSE system
’ 0, Liny <0 builds a model estimate of PU signal statistics and
Therefore, the maximization problem is reduced totailors its temporal response accordingly. As with PU
finding values of{\p,\;,,... Al } that satisfy the PSD estimation, PU temporal transmission statistics may

constraints. Although not a convex optimization problem,be obtained either directly using a priori knowledge of
there are a number of methods that can be used tBU signal structure, or indirectly by monitoring the PU
determine locally optimum values or to stochasticallytransmissions. The SMSE system can maintain updated
search for globally optimum values [28]-[30]. For proof PU statistics and alter its response as PU signal statistics
of concept demonstration, the results presented in thighange.

paper use a gradient ascent of the Lagrange multipliers Accounting for PU state conditions, the design con-
to find a locally optimum operating point. The result is straints in (17) through (19) are modified such that 1)
a spectrally designed signal that is created in response fén,; and AP,,; become functions of the PU state,

current channel and interference conditions. and 2) the potential interference power caused by the
SMSE to the PU in (19) is averaged over the number

B. Temporal Design of PU symbols experiencing interference. The resulting
' constraints become

Additional benefit can be realized by adapting to the
PU temporal responses as well. This can be achieved
by monitoring PU transmissions and tracking the current
“state” of each PU transmitter. This information can then Um’l%)af{m} / Z:O lz; 20 (D)p(D)dD ¢,
be used to update the expected number of transmitting " 22)
PUs during the next SMSE symbol interval. As a result,Such that
the expected amount of PU power that interferes with the
SMSE signal, as well as the expected number of PUs that .
will experience SMSE interference, can be estimated. The NN
OFDM subcarrier response can then be designed accord/ Z Z AP””
ingly, enabling the SMSE system to vary its subcarrier
selection, modulation, and power on a symbol-by-symbol . _; ,

Nf*l 4

Yo (D)p(D)dD < Ap , (23)
m=0 [=1

basis, or as often as is needed and practical. ZZAP n p E5U. z(D) (ﬁ)dﬁ <A,
The PU signal “state” can be interpreted in numerous —i = i m " -
ways. In general, the “state” description includes any (24)
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. interference levels are compared here to the observed
E[n,|D] 5y = Neu D values obtained through simulation.

E[n,] ’ p(D) = vllp( v) The demonstration scenario includes a single Direct
) . B ) Sequence Spread Spectrum (DSSS) PU signal employing
where n,, is a random variable representing the NUM-inary Phase Shift Keying (BPSK) modulation for both
behr of symbols the SMSE system observes from th@jata and spreading. The transmitted PU power level is
v PU during the next SMSE symbol interval) = fixaq at 1 Watt using a symbol rate of 250K Sym/Sec, and
[D1, Dy, ..., Dy, | denotes the state of each PU trans-ig ransmitted at a center frequency of 5.0 GHz through
mitter, p(D.,) is the probability density that the PU 55 Additive White Gaussian Noise (AWGN) channel. A
is in the stateD,, and the integrals in (22) through 31 jength gold code sequence is used for the spreading
(24) are taken over the range of possible PU states. Thg,qe with exactly one code period per BPSK data symbol.
incremental powen\ P, ; is now a function of PU state  The SMSE signal is spectrally centered at 5.0 GHz,
and is given by: and containsV; = 128 subcarriers with each spanning

. Npy AB, 344.5 KHz and modulated using a 1 Watt QPSK signal.
AP, (D) = (No +2 Z P;Uﬁf,LE[;) T2 (25) The SMSE signal uses a 32 length cyclic prefix and
v=1 m propagates through a multipath Rayleigh faded channel
In the event there are only a discrete number of PUVith a time duration equal to one-half of the SMSE cyclic
states, the probability densities become impulses angrefix length.
the integrals reduce to summations. By again employing The predicted interference observed by the PU due to
Lagrange’s method, this maximization can be solved byhe presence of then'* SMSE subcarrier is shown in
maximizing Fig. 1a along with the observed values obtained through
simulation. Figure 1b shows the corresponding predicted
Nj—1 4 and simulated interference observed by th& SMSE
{/ﬁ Z ZLm,l(ﬁ)Um,z(ﬁ)p(ﬁ) D subcarrier due to the presence _of the PU signal. In both
B cases, the observed simulated interference levels closely
match the predicted values.

EEE

Max
Upn,1(D)
20,1}
Nf—l 4

_ /D S Max {Lm7l(5)Um7l(5)}p(5)dﬁ

m=0 [=1

m=0 =1

V. COEXISTENT PERFORMANCE TEMPORALLY
(26) UnstructuredDSSS PU 8NALS

SMSE system performance is simulated in a coexis-

Npu tent environment containing four Direct Sequence Spread

Lm’l(ﬁ) = 1—ApAPm’l(5)—Z AI,UAPm,z(ﬁ)panﬁ Spectrum (DSSS) PU signals. This scenario is chosen
v=1 for consistency with earlier work presented in [12]. The

Where )\P Z 0 and )\Iv 2 0 are again the Lagrange DSSS PU Signa|S use Binary Phase Sh|ft Key|ng (BPSK)

multipliers that satisfy the constraints in (22) through (24),m0dulation for both data and spreading. The transmitted

The expression above is maximized by assigning PU power level is fixed at 20 Watts per PU using a
symbol rate of 300K Sym/Sec. A 32-length Hadamard

sequence is used for the spreading code with exactly one
code period per BPSK data symbol. The four PU signals
are spectrally non-overlapped at center frequencies of
2.0120 GHz, 2.0383 GHz, 2.0680 GHz, and 2.0931 GHz.
Each PU signal is generated using independent data
modulation, carrier phase and symbol timing. The PU
burst transmissions are modeled as exponential random

U (D_’) _ 1, LﬁL,l(l_j) Z 0
ol B O, Lm,l([j) <0

The result is aspectrally-temporallydesigned signal
created in response to the curraand predicted chan-
nel and interference conditions. The “bit-pair channel”
selection function,Um,l(ﬁ), is now a function of the

PU state. Even though this represents a potentially UN-ariables with a mean duration of 20mSec for both

coun.tably infipite number of values corresponding to theourst length and inter-burst spacing. An AWGN channel
possibly continuous range of PU states, the only term odel is used with the noise power set to achieve an in-

that are required to be stored are thg; + 1 values bandSNR — 6.2 dB
of {_)‘P’)‘Il”"’AINPU}' When the SMSE computes any o gyse signal uses a maximum of = 8192
particular value for the PU state®)], it can calculate the possible subcarriers that are confined to a frequency

appropriate value ob/,,, (D) for eachm andl based on  pang of 2.0000 GHz to 2.1050 GHz (105 MHz maxi-
the values ofAp and each\;, . mum bandwidth). Each subcarrier experiences indepen-
dent Rayleigh flat fading through the AWGN channel. The
IV. ESTIMATION OF COEXISTENT INTERFERENCE SMSE system has a perfect channel response estimate at
To demonstrate the ability of the SMSE to estimate théboth the transmitter and receiver locations and updates
resultant coexistent interference — the interference causets PU transmission state estimate prior to each SMSE
by the SMSE to the PUs in (12) as well as that causedymbol transmission. Furthermore, all transmitters and
by PUs to the SMSE in (13) — the predicted coexistenteceivers in the scenario (PU and SMSE) are assumed

(27)
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Fig. 1.  Predicted interference and observed interference obtained Fa Pz Fea Foa @8

through simulation: (a) observed by the PU due to the presence of the Frequency

mtP SMSE subcarrier and (b) observed by thé” SMSE subcarrier (b) SMSE Signal Responsgpectrally-Only Adaptetb PU Signal
due to the presence of the PU.

to observe the same set of signals, but with independent
noise realizations. Given that the transmitted burst lengths
and intervals between bursts are modeled as a “memory-
less” exponential random variables, the simple “on-off”
PU state model is appropriate for designingeactive
spectrally-temporallydesigned waveform. Furthermore,
the SMSE is assumed to have a priori knowledge of
the parameters governing the burst length and inter-
burst spacing when computing PU temporal statistics, as
discussed in Section IlI-B.

Time

(dB)

Fcl Fcz FcS FcA
Frequency

A. Time-Frequency Power Spectral Density (PSD)

The time-frequency PSD responses of the PU signal
and resultant SMSE signal are shown in Fig. 2 for a repreFig. 2.  CoexistentAdapted SMSE and DSSS PU Signals. Time-
sentative scenario. In response to the PU signals shown g'ieeqcl:fafﬁgrﬁ':’i é:) t';%bm‘%isg? r?;?f;ﬂz-((g) gmgg gig?‘g'l RRZSSP%TSZ
Fig. 2a, the SMSE system can design a waveform eitheoo i i Temporally Adaptets PU Signal. g P
by using only spectral adaptation constraints or by using
both spectral and temporal adaptation constraints.

Considering only spectral adaptation constraints, the

signal satisfying (17) through (19) avoids spectral areas

g:) SMSE Signal Respon&pectrally-Temporally Adapted PU Signal
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Fig. 3. Coexistent BER versus total normalized SMSE power forFig. 4. Average SMSE throughput (bits/sec) versus normalized

Spectrally-Onlyand Spectrally-Temporaliadapted SMSE signals. Cor- maximum SMSE power foBpectrally-Onlyand Spectrally-Temporally

responding DSSS PU BER is also shown. A maximum BER constrainadapted SMSE signals. Results based on a maximum BER constraint of

of Pg = 10—* was used for all systems. Pp = 10~ for all systems. Performance without the DSSS PU signals
present is shown for comparison.

containing significant PU power as well as low chan- _ ) )
nel gain while maximizing its throughput. The resultant@ble to select subcarrier frequencies that are considerably

spectrally-only adapte@MSE response in Fig. 2b clearly rfémoved from the DSSS PU spectral regions and apply
shows that spectral areas occupied by DSSS PU signa@@ximum power levels without causing significant inter-
are avoided. ference to the PU systems.

Considering both spectral and temporal adaptation con-
straints, the signal satisfying (22) through (24) avoidsC. Average SMSE Throughput

both spectral and temporal areas containing significant Results in Fig. 4 show average SMSE throughput
PU power as well as low channel gain while maximizing(bits/sec) versus total maximum SMSE power (nor-
its throughput. This is illustrated in the time-frequency malized by maximum SMSE bandwidth of 105 MHz)
PSD response shown in Fig. 2c, where the adapted SMSfgr both the spectrally-only and reactive spectrally-
signal spectrally and temporally avoids the four DSSSemporallyadapted SMSE waveforms. Performance with-
PU signals using the simple “on-off” state model. Thegut the DSSS PU signals present is also provided for
resultantspectrally-temporally adapte8MSE signal ef-  comparison. For the lower maximum total power limits
fectively power fills “voids” around the DSSS PU signals considered, all three systems performed nearly identically.
in both time and frequency. The SMSE response clearlyrhis occurs because the SMSE system can allocate its
avoids spectral areas where the DSSS signals are actuaiiftal power to a very few high gain channels. Therefore,

present. when the DSSS PU signals are present, the SMSE design
is effectively a simple frequency division multiplexing
B. PU and SMSE Bit Error Rate (BER) scheme that avoids spectral regions with high interference.

Simulated PU and SMSE BER performance is shown imince there are generally enough high gain channels
Fig. 3 for the spectrally-only designed SMSE waveform,OUtSide the DSSS PU spectral regions, the SMSE system
and thereactive spectrally-temporally designed SMSE experiences minimal penalty for avoiding the DSSS PU
waveform. For comparison, SMSE performance is alsdub-bands. However, as total available power increases the
presented without the DSSS PU signals present. CcomMSE system begins to share spectral regions with DSSS
sidering the SMSE BER curves (filled markers), thePUs and realizes a noticeable performance improvement.
SMSE BER is shown to meet the desired BER limit
of Pg = 10~ for the entire range of SMSE transmit VI. COEXISTENT PERFORMANCE TEMPORALLY
power limits simulated, with all three curves overlapping. Structured802.11a PU SGNALS
Considering the PU BER curves (unfilled markers) as Coexistent SMSE performance is analyzed in a more
the SMSE transmit power limit increases, the PU BERstructured PU signal environment containing two OFDM-
increases up to within a factor €f10% of the maximum based 802.11a PU networks. This scenario is chosen
BER constraint of Pz = 10~%. Note that this minor for consistency with earlier work presented in [13]. The
amount of deviation should be within the error correctionOFDM PU networks spann two adjacent 20 MHz chan-
capability of the PU’s channel coding, and thus should benels centered at 5.00 GHz and 5.02 GHz. Consistent
well absorbed by the channel coding. For lower SMSEwith specifications in [16], the 802.11a users operate as
power levels the PU BER is substantially lower thanfollows: 1) average transmit power fixed 10 mW per
the BER limit. This occurs because the SMSE signal isuser, 2) a pre-encoded data rate of 24 Mbits/sec with a
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variable length packet structure, 3) rate 1/2 forward error
correction, 4) 16-QAM modulation on 48 data subcarriers,
and 5) pilot tones are present. An AWGN channel model
is used with the noise power set to achieve an in-band  10*
SNR =16.7 dB.

The SMSE signal uses a maximum off = 128
possible subcarriers with each spanning 344.5 KHz. The §
resultant overall SMSE bandwidth is 44.096 MHz cen-
tered at 5.01 GHz (spectrally centered between 802.11a
bands). The SMSE signal uses a 32 length cyclic pre-
fix and propagates through a multipath Rayleigh faded
channel with a time duration equal to one-half of the
SMSE cyclic prefix length. Both the PU and SMSE 10° : : ‘ : : : ] i

. . 0.5 1 15 2 25 3 35 4 45
systems are constrained to a maximum channel BER of SMSE Power Limit (Watts / Hz) «10°
Pg = 1072. The SMSE system has a perfect channel
response estimate at both the transmitter and receiv€ig. 5.  Coexistent BER versus total normalized SMSE power
locations and updates its PU transmission state estimat& Spectrally-Only Reactive Spectrally-Temporaliyand Predictive

" pectrally-Temporallyadapted SMSE signals. Corresponding 802.11a
every 50 SMSE symbols. Additionally, the SMSE POWETpy BER'is also shown. A maximum BER constraint B = 102
is further constrained to be distributed such that thevas used for all systems.
resulting interference within a given 20 MHz band does
not degrade PU preamble detection performance, i.e., all

802.11a users can reliably detect greater than 90% of
received preambles [16]. B. Average SMSE Throughput

Unlike results in Section V, results here do not rely Resultant SMSE throughput (bits/symbol) for the three
on a priori PU information. Rather, the SMSE estimatesdesign methods is shown in Fig. 6, where once again the
PU transmission statistics by monitoring PU transmissionesults are plotted as a function of SMSE transmit power.
activity as discussed in Section IlI-B. Based on theseAs indicated, all three design methods asymptotically
observations, the SMSE forms a histogram based estapproach an upper limit on achievable throughput. This
mate of the probability distribution of: 1) the PU packet limitation is a result of the designs being unable to
transmission duration and 2) the time duration betweeullocate all available power within the channel given that
PU packets (idle time). These probability distributions areethe PU BER constraint must be maintained.
then used to compute the conditional probabilities that the The spectra"y_omy designed waveform achieves a Sig_
PU will remain in its current transmission state (on ornificantly lower throughput than the spectrally-temporally
off) given that it has already been in that state for somejesigned waveforms. This result is partly due to the
amount of time. fact that spectrally-only waveform design is obtained

through pure frequency division. Since this scenario has

far less spectral separation between PU system than that
A. PU and SMSE Bit Error Rate of Section V, the SMSE waveform is less able to rely on

pure frequency division to avoid PU signals. By compari-

Resultant PU and SMSE channel BER versus tota$on, theeactivespectrally-temporally designed waveform
normalized SMSE power is shown in Fig. 5 for the achieves an approxima®% increase in throughput for
spectrally-only reactive spectrally-temporallyand pre-  higher power limits. For lower power limits, thredictive
dictive spectrally-temporallydesigned waveform. Con- spectrally-temporally designed waveform achieves similar
sidering the PU BER curves (unfilled markers) as theperformance to the reactive waveform. However, as the
SMSE transmit power increases, the observed PU BERower limit increases, the predictive waveform achieves
increases to the BER limit aPz = 102 for all design  approximately an additional0% gain in throughput as
methods. Prior to reaching the PU BER limit, the SMSEthe number of interference-free channels become scarce,
system operates in a purely power-constrained mode, i.eand the benefit of using the PU occupied channels more
it expends its entire power budget without being impactecefficiently becomes clear.
by the BER constraint for the PU system. As the SMSE To illustrate SMSE subcarrier adaptability, results of
power reaches a value of approximatdly = 100 mW,  SMSE subcarrier allocation are shown in Table | for the
the SMSE system begins to restrict its transmission tgredictivespectrally-temporally designed waveform. Note
maintain the PU BER constraint. The resultant SMSEhat these results are for fixed channel noise conditions
design successfully maintains the PU BER constrainand fixed BER limit constraints aPgz = 10~2. Given a
for all three design methods. Considering the SMSHparticular channel realization, the total number of subcar-
BER curves (filled markers), the observed SMSE BER igiers carrying data is averaged across time, as well as the
consistent with the desired BER limit for both the reactivenumber of subcarriers employing a specific modulation
and predictive spectrally-temporally designed waveformsorder. After a minimum power limit is reached, the total

—— SMSE, Spectrally Only
—@— SMSE, Reactive Spectrally-Temporally
—— SMSE, Predictive Spectrally-Temporally
=—{— PU, Spectrally Only

=—O— PU, Reactive Spectrally-Temporally
—A— pU, Predictive Spectrally-Temporally
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Fig. 6. Average SMSE throughput (bits/sec) versus normalized maxifig. 7. Coexistent BER versus the maximum BER constraint for PU #2.
mum SMSE power foBpectrally-Only Reactive Spectrally-Temporally Results were generated using’z = 10~2 maximum BER constraint
and Predictive Spectrally-Temporallpdapted SMSE signals. Results for both the SMSE and PU #1 systems.

based on a maximum BER constraint B = 10~2 for all systems.

TABLE |
SUBCARRIER UTILIZATION : AVERAGE NUMBER OF SMSE
SUBCARRIERSUSED AND CORRESPONDINGNUMBER PER QAM
MODULATION ORDER

Total SMSE | Ave # 4 16 64 256
PowerAp Used | QAM | QAM | QAM | QAM
10 mwW 57.66 | 57.66 0 0 0

50 mW 75.72 | 30.54 | 39.93| 5.25 0
100 mwW 75.84 | 28.65 | 22.95| 24.25 0
150 mw 75.72 | 30.05| 20.00 | 17.01 | 8.65
200 mW 75.72 | 32.07 | 18.20 | 10.20 | 15.25

Average Number of Bits/Symbol

25 . —ill— Predictive Spectrally-Temporally|{
—@— Reactive Spectrally-Temporally
—— Spectrally-Only

T

number of subcarriers used remains roughly unchanged. %5 o o

However, as the power limit is increased, more subcar- Maximum BER Constraint for PU #2
riers exchange lower-order for higher-order modulation

schemes. Thus, while the total number of subcarrier§'d: 8 Average SMSE throughput (bits/sec) versus the maximum BER
. . s . constraint for PU #2. Results were generated usinfma = 10

ljls"?‘d remains generally fixed to maintain the interferencgaximum BER constraint for both the SMSE and PU #1 systems.

limit to the PU systems, the total number of resultant

transmitted bits increases due to the use of higher-order

modulations. observed BER for PU #2 falls below the constraint. This
is attributed to the SMSE expending all of its available
VIl. DISSIMILAR PU BER CONSTRAINTS transmission power before reaching the interference limit

) ] N ~ for PU #2. In all cases, the SMSE meets its own BER
To investigate the ability of the SMSE to design its constraint ofPg = 10-2.

waveform in an environment containing PUs with dis- Resultant SMSE throughput as a function of the BER
similar BER constraints, the scenario in Section VI Wasconstraint for PU #2 is shown in Fig. 8. Here again,

#1 (centered at 5.00 GHz) remains fixed/a$ = 107>, designed waveform achieving the greatest throughput.
The SMSE performance is evaluated using a maximum

transmission power limit of.5 x 10~ Watts/Hz.

Figure 7 shows the resultant BER observed for the two .
PUs as a function of the desired BER for PU #2. ForA- PU State Estimation Latency
the range of BER constraints considered, the resultant In a practical communication design, the SMSE system
BER for PU #1 (filled markers) remains consistent withwill not be able to react immediately to PU transmission
its design constraint oz = 10~2. The resultant BER state changes. As a result, the PU transmission state that
for PU #2 (unfilled markers) closely follows its desired the SMSE uses to adaptively design its waveform will
BER constraint at lowePg values. However, as its BER be outdated by some amount of time > 0. If this
constraint increases above approximatgly 102, the latency is not taken into account, SMSE performance

VIIl. U PDATE LATENCY AND UPDATE INTERVAL
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Fig. 9. Coexistent BER versus state estimation latencySfwectrally- Fig. 12.  Average SMSE throughput (bits/symbol) versus 802.11a
Temporallyadapted SMSE signatithout latency compensation (Filled PU State Estimation Latency fdReactive Spectrally-Temporalignd
Markers) andwith latency compensation (Unfilled Markers). Corre- Predictive Spectrally-Temporallgdapted SMSE signal&pectral-Only
sponding 802.11a PU BER is also shown. A maximum BER constrainfidapted SMSE results provided for comparison. Results based on a
of Pg = 10~2 was used for all systems. maximum BER constraint oPg = 10~2 for all systems.

will b b-ootimal for aiven channel conditions and interference avoidance mechanisms, the resultant SMSE
mutuael igex?saentaintgrfe%esceCliriitsewi(lzlonot %es n?et response in Fig. 11a now exhibits: 1) spectral regions
"occupied by the PU signals only being usetienthey

This is demonstrated in Fig. 9 which shows PU andare not presenénd there is a low probability of the PU

ShArSIrEr:hr?nnel BEF‘; fr?rt?or:np;ar;)sSte? ?nd ut?rf]oTpFr:Sﬁt?gsuming transmission, 2) significantly more power being
be Of athce as a l]f g ?h SU BEf?ae est .ate atetcgllocated to spectral regions that are never occupied by PU
(r), for the case of bo constraints se 0signals, and 3) more power remaining allocated in/near

P, =102 X )
. the PU central subcarrier frequencids.( and F.»).
When the SMSE waveform design process compensates g\ s system throughputqis Sh(E)Zstrlf in Fi92)12 as a

for PU state estimate latency, it incorporates a decreas antion of PU state estimate latency)(In this case, the
level of certainty about the expected amount of potential MSE system operates with a maximum averag;a trans-
mutual interference, as well as a decrease in tempor ission power constraint of » — 400 mW and reconfig-

agility mcurre_d by its delayed response. The impact O%res its subcarrier power and modulation parameters on
PU state estimate latency on SMSE waveform desngr& symbol-by-symbol basisi{ — 1 per Section VIII-B)

is illustrated in the time-frequency PSD responses _ir{Nhich enables a very high degree of temporal agility.

Fig. 10 and Fig. 11. In Fig. 10, the SMSE system ISThus, there is limited benefit to employing a temporally

opera_ted V.v'th no PU. state estimate Iatengy:( 0) and redictive waveform design process. This is confirmed in
reassigns its subcarrier power and modulation paramete%g 12 by the near identical performance for the two

prior to transmitting ea<_:h_ symbol._The resultant re_sponsgystems atr = 0. As latency increases, each system
in Fig. 10b clearly exhibits three interference avoidance

. . o i ) experiences an overall decrease in throughput in order
mechanisms, including: 1) spectral regions occupied b¥o maintain desired BER performance. The benefit of
PU signals are only usedhen they are not present,

. , employing a temporally predictive design becomes most
2) most power is allocated to spectral regions that ar ploying P y P g

ied by PU sianals (th ion betw th%pparent at larger values ef At = ~ 120 the current
never occupied by signais (the region between PU state becomes completely independent of the SMSE’s
two PU channels and the right-most/left-most spectral ex-

. . utdated state estimate and all benefits of temporal agilit
tremes), and 3) since the OFDM-based 802.11a signals cﬁ P gry

not modulate their central subcarrier frequencies (denote, minish. Since the SMSE is no longer able to exploit
mporal aspects of the PU signal, it effectively creates a
by F.; and F.;), the SMSE waveform allocates more P P 9 y

power in these regions as well spectrally-onlydesigned waveform.

The coexistent PSD responses in Fig. 11 are for the )

case where the SMSE system experiences a PU stafe Update Interval Effect on Coexistent BER

estimate latency of = 20 SMSE symbols. Relative to A practical SMSE design needs to consider the over-
7 = 0 results in Fig. 10, the decreased ability of thehead required to convey subcarrier power and modulation
SMSE system to quickly respond to PU state changeparameters to the intended receiver. When the SMSE
is clearly seen. Additionally, the increased uncertaintysystem updates its waveform parameters on a symbol-
about thecurrent PU transmission state results in lessby-symbol basis K = 1), a considerable amount of
SMSE power being allocated to PU spectral regions evenverhead processing is required. This can be mitigated by
when the PU is not transmitting. Regarding the threaupdating SMSE parameters less frequently over blocks of
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Fig. 10. Coexisten8pectrally-Temporally Adapte8MSE and OFDM- Fig. 11. CoexistenBpectrally-Temporally Adapte8MSE and OFDM-

based 802.11a PU signals. PU state estirpaelictivelyupdated on a  based 802.11a PU signals. PU state estimpagelictivelyupdated on a

symbol-by-symbol basis withh = 0 symbol latency. Time-Frequency symbol-by-symbol basis with = 20 symbol latency. Time-Frequency

PSDs: (a) Two PU networks; (b) Adapt&MSESignal. PSDs: (a) Adapte@MSESignal; and (b)Combinedcoexistent PU and
SMSE signal response.

K symbols, for some integdt’ > 1. Relative toK = 1, a
penalty is incurred by increasin§ given that the SMSE

T T

H i _ —ill— SMSE, No State Estimate Latency
system can only modify its response ldtsymbol blqck 10 B P, No Stato Eximate Latonoy |
boundaries. As a result, the SMSE system commits to a —DO— SMSE, With State Estimate Latency
—O— PU, With State Estimate Latency

set of design parameters for a longer duration of time and
becomes less effective at exploiting temporal gaps in PU
transmissions. This increases the probability of SMSE-
PU collision and mutual coexistent interference. Results
in Fig. 13 demonstrate that the SMSE system is able
to satisfy required BER constraints for update intervals
of K > 1 at a maximum average transmission power
of Ap = 400 mW. Results are shown for no PU state

estimate latency7( = 0) at the start of theK-symbol

interval (filled markers) as well as with state latency % 50 100 150

of r = 20 SMSE symbols (unfilled markers). For both pdate Ineral (GTSMSE Symbols)

latency cases, the BER performance of the SMSE and PHg. 13. Coexistent BER versus Update Intervél for Spectrally-

systems is consistent with the desired BERPgf= 102, Temporallyadapted SMSE signal with = 0 symbol latency (Filled
Markers) and- = 20 symbol latency (Unfilled Markers). Corresponding
802.11a PU BER is also shown. A maximum BER constrainPgf=
10~2 was used for all systems.

BER

3 i i

© 2009 ACADEMY PUBLISHER



778 JOURNAL OF COMMUNICATIONS, VOL. 4, NO. 10, NOVEMBER 2009

75

75

T
—ill— Predictive Spectrally-Temporally|
—@— Reactive Spectrally-Temporally ||
= = = Spectrally—Only

T
—ill— Predictive Spectrally-Temporally|
—@— Reactive Spectrally-Temporally | |
= = = Spectrally-Only

70 70

65

60

Average SMSE Throughput (MBits / Sec)
Average SMSE Throughput (MBits / Sec)

35 i i
0 50 100 150 100
Update Interval (# of SMSE Symbols) Update Interval (# of SMSE Symbols)

Fig. 14.  Average SMSE throughput (bits/symbol) versus UpdateFig. 15. Average SMSE throughput (bits/symbol) versus Update
Interval K for Predictive Spectrally-TemporalgndReactive Spectrally-  Interval K for Predictive Spectrally-TemporalgndReactive Spectrally-
Temporallyadapted SMSE signals with= 0 symbol latencySpectral- ~ Temporally adapted SMSE signals withh = 20 symbol latency.
Onlyresults provided for comparison. Results based on a maximum BERSpectral-Onlyresults provided for comparison. Results based on a
constraint ofPg = 10~2 for all systems. maximum BER constraint oPg = 10~2 for all systems.

C. Update Interval Effect on SMSE Throughput subcarrier parameters at a low rate.

Results in Fig. 14 show SMSE system throughput
versus SMSE update interval with no PU state estimate IX. SUMMARY AND CONCLUSIONS
latency ¢ = 0) at the start of the<-symbol interval. As The Spectrally Modulated, Spectrally Encoded (SMSE)
noted earlier, for smaller values & the SMSE system design process remains promising for future CR-based
maintains a high level of temporal agility and there is onlySDR applications. Consistent with earlier work, the prac-
marginal benefit from employing a temporally predictivetical utility of the SMSE framework is greatly enhanced
waveform design. This is confirmed in Fig. 14 by thethrough soft decision (SD) selection and dynamic assign-
near identical performance for the two systemé&iat= 1. ment of SMSE design parameters. The results in this
As the update interval increases, each system experiencgaper contribute to an expanding body of knowledge that
decreased throughput due to enforcement of the BERs collectively embodied under “SD-SMSE.” Of six design
constraint. The benefit of a temporally predictive designparameters in the SMSE framework, two were of interest
is apparent due to the SMSE systems ability to predicin this work which focused on soft decision selection
future PU transmission states. However, f§r ~ 100  and dynamic assignment iftra-symbolsubcarrier power
and greater the SMSE system loses temporal agility andnd modulation order. The ultimate goal is to introduce
is unable to localize its designed response between comvell-designed SMSE signals into a dynamic environment
secutive PU transmissions. In this situation there is agaigontaining primary users (PU) while limiting mutual
no benefit in temporal design and throughput performanceoexistent interference to manageable levels.
approaches that of a spectrally-only designed waveform. An analytical development is provided to optimize

Results in Fig. 15 show SMSE throughput versus upSMSE performance in a coexistent environment con-
date intervalK using a PU state latency ef= 20 SMSE  taining arbitrary PU signals. The optimization exploits
symbols and a maximum average transmission power dftatistical knowledge of PU spectral and/or temporal
Ap = 400 mW. Relative to results in Fig. 14, there is behavior, with the SMSE waveform adapted on either a
performance degradation in the temporally-spectrally deSpectrally-Onlyor Spectrally-Temporallyasis. Proof-of-
signed waveform at loweK values. The SMSE through- concept demonstrations are presented for two coexistent
put performance also degrades much faster as the upde@®SE scenarios, with one including DSSS PU signals
interval K is increased due to the initially degradedand the other including OFDM-based 802.11a PU sig-
temporal agility caused by the PU state estimate latency. ials. Effective SMSE waveform designs emerged in both
the SMSE system is unable to update its subcarrier poweyases, with SMSE throughput maximized and imposed
and modulation parameters at a shorter interval relativ8ER constraints maintained on coexisting PU signals.
to results in Fig. 14, there is no benefit to designing a&SMSE designs are considered using b&bactiveand
temporally responsive signal. Predictive PU state estimation and a sensitivity analysis

The SMSE system must therefore tradeoff conflictingconducted to show coexistent performance changes with
design implications of the loss of throughput performancevariation in SMSE waveform update latency and update
associated with: 1) the additional overhead incurred bynterval. Collectively, thespectrally-temporallyadapted
updating the subcarrier parameters at a high rate, an8MSE waveforms provided significant performance im-
2) the degraded temporal agility due to updating thegrovement over thespectrally-onlyadapted waveforms,
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with maximum improvement achieved usimyedictive
PU state estimation.

APPENDIX

OBSERVEDINTERFERENCEPOWER DERIVATION

This appendix provides the derivation of formula used
for estimating the effective interference power observed
by a receiver after passing through a receive filter. Results
here are used in support of developing (12) and (13) in
Section IlI-A and their demonstration in Section IV. The
sampled receive filter output for interfering signdt) is

given by ) -
= h*()r(t)dt
y m/ﬂ (O (t)

where 1/T; is the desired signal symbol rate (used
to normalize the signal) and(¢) is the receive filter
response for the desired signal normalized to unit power _

(T f t)|2dt = 1). The received interfering signal
is assumed to be of the form:

(t) = i: > VP agdmg(t — mT, — to — 1)

k=0 m=—M

whereP, is interfering signal powen, /T.. is the interfer-
ing signal symbol rateg( ) is its pulse shape normalized
to unit power( = f (t)]?dt = 1), to is an unknown
time offset Which is assumed to be uniformly distributed
over [-T,./2, T,./2), d,, are zero-mean, unit-variance
i.i.d. data modulated symbolsy, is the time delay of
the k" multipath componentp;, are complex-valued
i.i.d. multipath coefficients normalized to unit power

(205 Bllan P =

SN

xZEaka

X Z ) iak|
o Z -2 (f-E)mT; / .

X

s fr(f =@M+ DT sin[r(f — §)T]

779

)G()G™(€)

M

—j2n(fr—€m) Z

{k,1} {m,n}
=0 =—M

E [dmdy]

Ty

% i /T e—JQTrf(mT +t0)ej27r5(nT —i—to)dt dfd§

//H*

)G(f)G"(E)

—j2n(f=€)T

Ty
2

e—927(f=&)to dtod fde

)G()G(€)

MZ

E [Jag[?] e-32n(—=6m

?T'

=0

sin [7(f — &)1, ] m(f =€) e
/ / H*()H(E)G(f)G*(€)
ZE ‘Oék| e —j2m(f—&)Tk
k=0
o slrlf — @M+ DT (28)

mf

enough such that the interfering signal spans the suppolt the Fourier Transform of (¢).

of the receive filter.
The resultant interference power is then given as

E [Iy?] i — / B (B (t)dt

x g(t — mT, — tg — 75)dt

Qi
e |VE L0 g S

% G(f)e_j27rf(MTT+to+Tk)df

Given that (28) holds for any/ large enough to span
the support of the receive filter, the limit of (28) may be
2 evaluated as\/ approaches infinity. This is done using
] the following identity [31]:

- sin [7(f — &) (2M + 1)T,]
M—o0 mf

o(f=¢ . (29

This is substituted into (28) as follows:

E[inQ] = Jlim E[IyIQi

)G()G™(€)

e ATUIOT(f — €)d fdg

X ZE |Ozk|

PT %0
- / R GRS

=[] wwmrecnee S
- [ HBOE Ripas (30)
% {;} {;} e dmd, where R(f) = m is interfering signal PSD [27].
=M If a matched filter is employed, (30) further reduces to

% e—jQﬂf(rnTT-i-to-i—Tk)€j27r§(nT,\+t0+n)df dg]

© 2009 ACADEMY PUBLISHER

B[] = & [ T S(HR(AF (Y



780 JOURNAL OF COMMUNICATIONS, VOL. 4, NO. 10, NOVEMBER 2009

where P, is the power of the desired signal, afdf) = [14]

PulH(H)I? i i
’T is the PSD of the desired signal. [15]
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