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Abstract

The interference temperature (IT) model of-
fers a novel way to perform spectrum alloca-
tion and management. Recent research has
proposed schemes that take advantage of the
model; however, there are still lingering ques-
tions about what exactly I'T means, and how it
should be measured. The temperature character-
ization may make sense for thermal noise, but
interference behaves differently.

This research describes two interpretations of
the interference temperature model, and investi-
gates how we can measure IT in each. One of
the models lends itself to an interesting analysis
of how interference temperature affects power,
bandwidth, and capacity, and those relations are
investigated.

1 Introduction

In 2003, the Federal Communications Commis-
sion (FCC) introduced the concept of interfer-
ence temperature (IT) for “quantifying and man-
aging interference” [2]. The idea is to regulate re-
ceived power rather than transmitted power. Us-
ing this model, cognitive radios (CRs) operating
in licensed frequency bands [3] would be capa-
ble of measuring the current interference envi-
ronment, and adjusting their transmission char-
acteristics in such a way that their transmissions
avoid raising the interference temperature over a
regulatory limit.

Over the past few years, the interference tem-
perature model has often been recognized as a

possible solution to the dynamic spectrum allo-
cation problem [4], but there have been no real
schemes for actually using it. Without a con-
crete technique, it’s difficult to say whether or
not it will be a practical solution.

This work investigates exactly how one should
measure interference temperature. In particular,
there are nonlinear interrelations between band-
width, power, capacity, and interference temper-
ature that make it difficult to compute optimal
transmission parameters. We develop some iter-
ative techniques to solve for the parameters in
question.

Section 2 introduces the interference tempera-
ture model. Section 3 discusses the properties of
interference temperature in more detail. Section
4 evaluates the capacity achievable under inter-
ference temperature constraints. Sections 5 and
6 describe algorithms for solving the equations
proposed in section 4. Section 7 concludes.

2 IT Model

The concept of interference temperature is iden-
tical to that of noise temperature. It is a measure
of the power and bandwidth occupied by inter-
ference. Interference temperature 77 is specified
in Kevin and is defined as

Pl(fm B)

Ti(fe, B) = — 55—

B (1)

where P;(f., B) is the average interference power
in Watts centered at f., covering bandwidth B
measured in Hertz. Boltzmann’s constant k is
1.38 - 10723 Joules per Kelvin degree.
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Figure 1: Example PSD for an unlicensed signal
partially overlapping a licensed signal

The idea is that by taking a single measure-
ment, a cognitive radio can completely charac-
terize both interference and noise with a single
number. Of course, it has been argued that inter-
ference and noise behave differently. Interference
is typically more deterministic and independent
of bandwidth, whereas noise is not.

For a given geographic area, the FCC would
establish an interference temperature limit, Ty
This value would be a maximum amount of tol-
erable interference for a given frequency band
in a particular location. Any unlicensed trans-
mitter utilizing this band must guarantee that
their transmissions added to the existing inter-
ference must not exceed the interference temper-
ature limit at a licensed receiver.

While this may seem clear cut, there is ambi-
guity over which signals are considered interfer-
ence, and which f. and B to use. Should they
reflect the unlicensed transceiver or the licensed
receiver? For example, consider figure 1. Should
we use By or By as our bandwidth for our compu-
tations? These ambiguities precipitate the need
for our two interpretations.

2.1 Ideal Model

In the ideal interference temperature model we
attempt to limit interference specifically to li-
censed signals. Assume our unlicensed trans-
mitter is operating with average power P, and
frequency f., with bandwidth B. Assume also

that this band [f. — B/2, f. + B/2] overlaps n
licensed signals, with respective frequencies and
bandwidths of f; and B;. Our goal is to then
guarantee that

M;P .
Tr(fi, Bi) + "B S Tr(fi) Y1<i<n

(2)

In other words, we guarantee that our trans-
mission does not violate the interference temper-
ature limit at licensed receivers.

Note the introduction of constants M;. This is
a fractional value between 0 and 1, representing
a multiplicative attenuation due to fading and
path loss between the unlicensed transmitter and
the licensed receiver. The idea is that the inter-
ference temperature model restricts interference
at the licensed receiver, not the unlicensed trans-
mitter, and therefore we must account for atten-
uation between these two devices. Since we can-
not know our distance to all licensed receivers,
let us assume that this value is fixed by a regu-
latory body to a single constant M.

There are two main challenges in implement-
ing the ideal model. The first involves identifying
licensed signals. One key question arises: how do
you distinguish licensed signals from unlicensed
ones? For specific cases, this can be relatively
easy. In particular, consider the problems faced
by IEEE 802.22 [5], currently under investiga-
tion by their spectrum sensing task group. They
wish to coexist with DTV signals, and can im-
plement very specialized, matched filter sensors
to look for DTV transmitters. If you know ex-
actly with whom you are coexisting, then this
problem becomes simpler.

The second problem involves measuring 77 in
the presence of a licensed signal. We wish to
measure the interference floor underneath the li-
censed signal. Again, this can be relatively easy
if we have knowledge of the licensed waveform’s
structure. For example, with DTV, we can mea-
sure during the blanking interval when the signal
is not present. Also, if we have precise knowledge
of the signal’s bandwidth B and center frequency
fe, we can approximate the interference temper-



ature as

PUe=B/2-71)+ P(fe+B/2+7)

Tl(fch) ~ 2kB
(3)

where P(f) is the sensed signal power at fre-
quency f and 7 is a safety margin of a few kHz.

Assuming a specialized environment where we
can locate licensed signals and measure inter-
ference temperature, our next goal is to de-
termine radio parameters f., B, and P that
achieve a desired capacity C. This will be a
piecewise-continuous optimization problem with
constraints defined in (2). If we use a sculptable
waveform like OFDM we may be able to more
easily meet the various constraints. In depth
analysis of this is the subject of future research.

2.2 Generalized Model

The generalized interference temperature model,
on the other hand, has a different interpretation
to signals and bandwidths. The fundamental
premise of the generalized model is that we have
no a priori knowledge of our signal environment,
and consequently have no way of distinguishing
licensed signals from interference and noise.

Under these assumptions, we must apply the
interference temperature model to the entire fre-
quency range, and not just where licensed signals
are detected. This translates into the following
constraint.

B+ Y ST ()

Notice that the constraint is in terms of the
unlicensed transmitter’s parameters, since the
parameters of the licensed receivers are un-
known.

One question that immediately comes to mind:
under what conditions does the generalized
model limit interference as well as the ideal
model?

If we rewrite our constraints in terms of P and
combine them, we obtain the following require-
ment:

B(Ty, — T (f., B)) < Bi(Tr, — T{*(f:, B;))
Vi<i<n

()

Assuming each licensed signal has power P;
and otherwise the interference floor is defined by
the thermal noise temperature T, we can trans-
form (5) into the following:

kBTL(f.)(B— Bi) + kBTn Y B; <> B;P
j=1 j=1
Vi<i<n

(6)

In general, provided B; and P; are sufficiently
large, this condition can be easily met.

If we consider only one licensed receiver, the
inequality simplifies to

kBTr, By

P, — kBTN — B—B; (7)

Thus a small 77, large By, or large P; will gen-
erally satisfy the constraint.

The remainder of this paper describes chal-
lenges inherent in selecting transmission band-
widths necessary to meet a particular target ca-
pacity in the general interference temperature
model. While we can easily measure T7(f., B),
inclusion of all signals in its measurement causes
a more complex interference environment.

3 IT Properties

One shortcoming in the design of the interference
temperature model is its simplicity. The goal
was to define a single metric that fully captures
both the properties of interference and noise. In
the end, a temperature approach was used rather
than a power approach. This accurately models
the noise portion of the metric, but not the in-
terference portion. Also, since we have elected
to treat all signals other than our own as inter-
ference, we now have more signals to accentuate
the problem.

Our eventual goal is to determine the differ-
ence between the regulatory interference temper-
ature limit and the measured interference tem-
perature. This then defines the transmission
temperature our cognitive radio can use, where
for a given bandwidth we can compute the max-
imum allowed power.



Let’s define things a little more concretely.
Thus, the interference temperature 17 can be
specified as a function of bandwidth B as

Tl(fwB) 7PI(fC7 )

1 (1 [FtB/2
= Bk (B /fc—B/2 S(f) df) (8)

1 fc+B/2
= S(7) df
B2k /fc—B/Z )

where S(f) represents power spectral density of
our current RF environment.

Next, we must consider how our transmission
will affect the received interference temperature
TI( fey, B). As described before, the end goal is
to guarantee that for our transmit power P and
bandwidth B,

Tf(fcv ) < TL(fc)
MP

Tl(fc, ) + Bilf < TL(fC)

There are two basic cases to consider. First,
B is known, and we wish to compute a valid P.
In this case, we can solve the above for P and
get,

9)

fet+B/2

S(f) df
fo—B/2

Bk 1

P< —TL(fC) BM

— (10)

If we are trying to compute B in terms of P,
we run into some trouble. There is no closed-
form solution for a general S(f). However, since
S(f) is a real, nondecreasing, continuous func-
tion of B, there is a solution V.S(f), even though
it may be outside our radio’s dynamic range of
(0, Bnax]-

Consider the degenerate case where S(f) = c.
This implies some constant level of interference
throughout our frequency band of interest. The
following solution then arises

B > @ (11)
TL(f C)k

Interestingly, this now indicates a minimum
bandwidth required for our transmission, not a
maximum. This is because of how the inter-
ference temperature limit works in the general

model. Our maximum transmit power is BTk,
which increases as a function of bandwidth. This
implies that as we use more spectral resources
in the frequency domain, we can actually cause
more interference. This subtlety is counterintu-
itive.

Since bandwidth and power are so interre-
lated, we in the next section we consider them
jointly in terms of capacity.

4 Capacity and IT

Interference temperature must always be mea-
sured at some bandwidth B, due to determinis-
tic interference sources. To measure T7(f., B),
down-sample the passband signal such that f. is
at B/2. Then quantize the spectrum at rate 2B,
and compute its PSD. This will yield a power
spectrum for the frequency range f. — B/2 to
fe+ B/2, which is S’B(f). To compute the inter-
ference temperature, integrate as follows.

B?k/ S/

Thus, we can now compute our interference tem-
perature as a function of B.

Ti(fe, B (12)

Let’s say a minimum capacity of C' is neces-
sary for our communication. The next goal is
to find a P and B that both meet regulatory re-
quirements and achieve our capacity constraints.
In the last section, we showed that choosing a
B and solving for a maximum P was a simple
approach. However, considering S(f) may have
very steep slopes when f. is close to a powerful
licensed signal, this may be problematic.

Thus, we must combine some of our concepts.
We must compute a capacity function C*(B) in
terms of B, and then solve C*(B) = C for B.
Let’s assume a maximum transmit power is used
for our bandwidth selection, or

Bk

Pi(B) = SL(Tuf) - TilfB)  (13)

This equation uses T7( f., B), measured using the
technique described above.
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Figure 2: Example capacities as a function of B,
assuming a licensed signal of varying strengths
located at [f. + 10 MHz, f. + 20 MHz], with
Tr, = 10000 Kelvin and a noise temperature of
300 Kelvin. As the interference power increases,
the capacity past 20 MHz falls off more.

Then we can define our capacity as

LBE(TL(f.) — Tr(fe, B)))
MBET,(f., B)

L(Ty(fe) — Ti(fe, B)))
MTI(me)

C*(B) = Blog, <1 +

(14)

Notice the addition of another constant, L.
This value is similar to M, except it represents
multiplicative path loss between the unlicensed
transmitter and unlicensed receiver. We are
measuring capacity at the receiver, and therefore
need knowledge of the bandwidth and power at
the receiver.

5 Hill Climbing Approach

Solving C*(B) = C can be pretty tricky. For
a general interference environment, this must be
done numerically. Figure 2 shows a simple exam-
ple of a 10 MHz licensed signal with square power
spectral density located 10 MHz from our carrier
frequency. We can see that as long as the signal’s
power is relatively low, e.g. -90 dBm, our capac-
ity function remains relatively linear. However,
for -70 dBm, we can see that it will significantly
hamper our capacity. We can achieve maximum
capacity if we avoid the signal all together.

As the previous example illustrates, the capac-
ity function is not strictly increasing, and there-
fore there may be multiple bandwidths that give
the same capacity. Certainly the best choice is to
select the smallest bandwidth possible that will
achieve your desired capacity.

One could even take that a step further and
add a pricing function. In the previous example,
if the interference power is -80 dBm, to go from
a capacity of 100 Mbps and a capacity of 105
Mbps requires a tripling in the bandwidth. A
pricing function would penalize nodes who use
extremely large bandwidths, and therefore select
20 MHz, even if it didn’t completely satisfy its
capacity constraints, as the payoff for tripling the
bandwidth would not be worth the added cost.

Putting the pricing function aside, and assume
we have a hard capacity constraint, and we wish
to solve C*(B) = C for B, then we must employ
numeric techniques. Using the above equations,
for a particular B we can compute T7( f., B) and
consequently C*(B).

One approach is to hill climb, with the object
being to minimize the following as a function of

B.

[C*(B) = C| (15)

This function may have several global minimizers
over the bandwidth range of our radio. Our goal
is to locate the one corresponding to the smallest
bandwidth.

A good approach is to run our hill climbing
algorithm several times with

- {Bon)
N i=1..N

This will yield N, likely non-unique, solutions.
Simply select the one with the smallest band-
width.

A simple pricing scheme can also be used. To
find global capacity maximizers, set C' = oo and
run the same algorithm. This will yield a set
of points (B;,C;)i=1..n. Let our capacity utility
function be U(C) and our pricing function be
P(B). We can then select the best point i* as

(16)

i* = arg max (U(C;) — P(B)))
i=1..N

(17)



Lastly, we should address selection of N. The
number of local minima will be proportional to
the number of interfering signals. This could be
computed by the radio by determining the num-
ber of local maxima n in S(f) for fo.—B/2 < f <
fe+ B/2. If solving for a specific C, let N > 2n,
since there would likely be a solution on either
side of the signal. If searching for global capac-
ity maximizers, then N > n should be sufficient.
This operation could be done infrequently, and
would provide a good estimate for N, assum-
ing interfering signals are relatively uniformly
spaced over the target spectrum band.

While we can use the hill climbing approach
to both optimize C*(B) and solve it for a tar-
get capacity, we will see in the next section that
fixed-point iteration is a more elegant way to
solve C*(B) for a target capacity. Therefore,
hill climbing is most appropriate when trying to
maximize capacity.

6 Fixed-Point Iteration

Next, consider a reformulation of the original
problem.
Theorem 1 The sequence {B;}i=1., where

C

L(T, fc —T nyBi
log, <1+ Tk )))

Bit1 = (18)

converges linearly to a solution to

L<TL(fC) - TI(va Bz))) (19)

MTi(fe, B;)
as long as
20T L(Ty(fe) = TH)\ 2
By > L log, <1 + .
MTy
(20)
where
T = Ty(f., B 21
1= popax 1(fe; B) (21)

and a solution exists in B € (0, Bpax].

Proof: We're examining our problem in terms
of fixed-point approximation. Let

9(B) ¢

- L(Ty(fo)=Tr(fe,B
log, (1 + LT

(22)

The theory of fixed-point iteration methods dic-
tates that if B = g(B) has at least one solution
in some interval [a,b], g(B) is continuous, and
|¢'(B)| < 1 then any starting point in that inter-
val will converge to a solution [1]. Intersect the
interval [a, b] with our feasible interval, (0, Bpax]-
The result is a range for By:

By € [a, min{b, Bmax}] (23)

T;(fe, B) is continuous, so consequently g(B)
is continuous. The derivative constraint can be
expressed as follows:

CLTL(fo)|T;(fe, B)|
T;(fe, B)(LTL(fe) + (M — L)T1(fe, B))

L(TL(f.) — Ti(f-, B)\?
<o, <1+ TG ) )

(24)

Obviously this constraint is not entirely useful,
as it is in terms of B, which we do not yet know.
In order to simply this further, we need to re-
move our dependence on B. First, we use the
definition of T} provided in the theorem state-

ment, and notice that
Tn <Ti(fe, B) < Ty (25)

Next we need to examine the derivative of our
interference temperature.

7y(f.. B) = 2B)

_ 274, B)

B% B (26)

Thus to maximize |T}(f., B)|, let S(B) = 0 and
Tr(fe, B) = Ty. The result is

| T7(fe; B)| < 2T7 /B (27)

Substituting, we have

C'LTL(fC)QTI*
IN(LTL(fe) + (M — L)TN)

- logy (1 L L(Tp(fe) = T;))-?

MT}
CLTy(f.)2T}

L(TL(f) — T\
Ty (LTL(f) % (1 T )

* o —2
CTy log, (1 + L<TL](\J;CJ)~* TI))
I

By >

2
>
(28)



Thus we have proved our theorem. m

We now have a viable algorithm for computing
the required bandwidth B in terms of desired ca-
pacity C. If By > Bmnax, this does not necessarily
mean a solution does not exist, since we derived
a sufficient condition, and not a necessary one. If
divergence is detected, then the capacity C' must
be decreased in order to find a solution.

The key point is that fixed-point iteration can
find a solution if one exists, but may not always
succeed. As a result, it may be useful to imple-
ment a hybrid algorithm that first tries fixed-
point iteration, and if divergence is detected,
switch over to a hill climbing approach. Note
that the algorithms can be executed on a PSD
snapshot taken with bandwidth Bp.x, and con-
sequently radio sensing resources need not be
tied up during algorithm execution.

7 Conclusion

In this paper we have considered how to use both
interference temperature and the regulatory in-
terference temperature limit to select an opti-
mal radio bandwidth for a particular interference
environment. We’ve discussed two interpreta-
tions of the interference temperature model, and
showed the conditions under which the general
model yields interference at least as small as the
ideal model.

Two main techniques for solving for the de-
sired bandwidth in the general model are pre-
sented. The first uses hill climbing and is best
suited for scenarios where we wish to maxi-
mize capacity for our radio’s dynamic band-
width range. The second uses fixed-point iter-
ation and is designed to find a bandwidth for a
specific desired capacity. Future work involves
further analysis of bandwidth selection for the
ideal model, and also applying pricing functions
to bandwidth and examining how this affects
network-wide spectral efficiency.

Overall, the interference temperature model
offers an exciting new paradigm for dynamic
spectrum access.

8 Acknowledgments

This work was funded by the Laboratory for
Telecommunication Sciences. Views expressed
represent those of the authors, and do not nec-
essarily reflect the views of the Department of
Defense or University of Maryland.

The authors would like to thank Jeff Reed and
his students for their insightful comments, and
Paul Kolodzy for his invaluable conversation re-
garding interference temperature.

References

[1] Kendall Atkinson. Numerical Analysis. John
Wiley and Sons, 1989.

[2] Federal Communications Commission. Es-
tablishment of interference temperature met-
ric to quantify and manage interference and
to expand available unlicensed operation in
certain fixed mobile and satellite frequency
bands. ET Docket 03-289, Notice of Inquiry
and Proposed Rulemaking, 2003.

[3] Federal Communications Commission. Fa-
cilitating opportunities for flexible, efficient,
and reliable spectrum use employing cogni-
tive radio technologies. ET Docket 03-108,
Notice of Inquiry and Proposed Rulemaking
and Order, 2003.

[4] William D. Horne.  Adaptive spectrum
access: Using the full spectrum space.
Telecommunications Policy Research Confer-
ence 2003.

[5] IEEE 802.22. Working group on
wireless regional area networks.
http://www.ieee802.0org/22/.



