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L Measuring Economic Gains 

L.1 Econometric Methodology and Data

This section will give an overview of the econometric analysis of demand for call 
volume using time-series analysis of Engle and Granger two step error correction 
method (EG) [101], and summarize the data.

L.1.1 Methodology

The EG method is applied as it is the most commonly used and preferred method 
for estimating and forecasting a demand equation. The main advantages of the 
model is to form a more realistic forecasting equation with integration of long-run 
equilibrium into short-run equation via an error correction mechanism (ECM), also 
known as Equilibrium Correction Model [102]. However, to be able to apply this 
approach there has to be co-integrating relationship between variables used in the 
regression.3

Therefore, each variable in equation (2), total call volume logQt, price per call 
minute logPt, and disposable income per head logYt, is tested for unit root to verify 
whether they are I(1). The Augmented Dickey Fuller (ADF) test procedure is used 
for unit root (UR) testing and the ADF test equation is defined as follows:
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Where ∆ is the difference operator. Once each series tested for UR and confirmed 
that each has a unit root in level and integrated of order 1, I(1) then the possibility of 
co-integrating relationship is tested by defining a co-integrating equation of the form

tttt tYPQ εββββ ++++= 3210 logloglog (2)

Equation (8) is the standard log-liner specification that explains variations in 
demand as originating from variations in price and disposable income per head, 
where:

logQt = natural logarithms of total call volume,

logPt = natural logarithms real price per minute call,

logYt = natural logarithms real disposable income per head,

t = time trend,

β0 =  constant, 

β1 =  the long-run price elasticity of call demand,

  
3 Suppose two or more series are integrated of order 1,I(1); i.e. They need to difference once to be stationary. In 
general, any linear combination of these series will also be I(1), however if there exists a linear combination that is 
integrated of 0,I(0) then these series are said to be co-integrated. Further, although they are non-stationary 
individually but their linear combination is, therefore there is some long-run relationship among the series.
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β2 =   the long-run income elasticity of call demand,

εt = a random error term.

Equation (8) is, then, estimated by ordinary least squares (OLS), if there exists co-
integration relationship among logQt, logPt, and logYt variables, the residuals, εt
from equation (8) will be stationary in level and this can be tested again using ADF 
test.

Furthermore, assuming that logQt, logPt, and logYt are co-integrated with co-
integrating relationship given in equation (8) then the short run dynamic equation is 
represented as
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Equation (9) is an ECM representation. This is an over-parameterized model and 
the preferred short-run equation is found via testing down procedure, i.e. eliminating 
all the insignificant variables until 1% significance level is attained.

L.1.2 Summary of Data

Table 12: Description of Data
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L.2 Estimation Results

This section will summarize the estimation results from EG model in which the long 
run elasticities are found to be -1.21 for price elasticity of demand and +0.79 for 
income.

L.2.1 Unit Root Test Results

Each variable used in the regression analysis is, firstly, tested for unit root using 
ADF test given in equation (7). The ADF test statistics results are given in below 
table shows that each variable is integrated of order 1,I(1). Hence, the variables in 
equation (8) are non-stationary at levels and if there is no co-integrating vector then 
estimating equation (8) using OLS will cause spurious regression.

Table 13:  Augmented Dickey Fuller (ADF) Test

L.2.2 Engle and Granger two-step method

As shown in table above logQt, logYt, and logPt are I(1), indicating that there may 
exist a long-run relationship between the variables. To test that logQt, log Yt, and 
logPt are co-integrated, equation (8) is estimated using OLS and result is given in 
the equation below.
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The coefficients of price and income are found to have expected signs and they are 
superconsistent but adjusted R2 and t-statistics are not valid.

The residuals from this static regression is tested for stationarity using again ADF 
test. The ADF test result indicates that the residuals is stationary in level, hence it is 
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integrated of order zero, I(0)4 and the long-run equilibrium between logQt, logYt, 
and logPt is confirmed.

As co-integration is confirmed the short-run relationship can be established by 
including the lag of residuals from long run equation (B4). To find the preferred 
short-run equation, the initial short-run equation has 4 lags of each variable and 
with testing down procedure the insignificant variables is dropped at each stage and 
the equation re-estimated until 1\% significance level achieved for all the variables. 
The parsimonious (preferred) short-run dynamic equation is found and given in 
equation (11) below. 
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Equation (11) passes all the diagnostics.5 Note that all the variables in equation (11) 
are stationary and have therefore standard distributions. 1t−ε measures the 
deviation from the equilibrium relationship in the previous period and the speed of 
adjustment is about 33%.

L.3 Forecasting Call Volume

Forecasting was carried out using the estimated equation (11), with the long-run 
equation (10) embedded via the error correction term, future call demand was 
forecast until 2020. Equation (11) can be written in the following form to obtain the 
forecasting equation:
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A chow test done on equation (11) shows that the parameter estimated in the 
model are consistent thus equation (12) can be used for forecasting the future. 

  
4 Co-integration is confirmed since ADF test statistic,(-3.07) is greater then the critical values,(-2.64) in absolute 
terms.

5 Serial Correlation LM: 1.36(0.28); Heteroscedasticity: 1.19(0.36); Normality: 0.017(0.99); Ramsey Reset: 
0.07(0.79); Chow Breakpoint(2003:3): 0.74(0.64); Chow Forecast(2003:3-2005:3): 1.02(0.47). Probabilities are 
given in brackets.
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Figure 53:  Actual and Fitted Values

Figure 53 shows the actual data and the fitted values from the short-run estimation.

L.4 Overview of Analysys and Mason (2005)

Analysys and Mason (2005) investigate the future demand for radio spectrum for 
five commercial services in the U.K. 

Cellular services is among one of the commercial services the study look at. The 
need for extra spectrum in this industry is mainly attributable to network traffic and 
deployment of new technology such as HSDPA and systems beyond IMT 2000.  
Using bottom-up engineering approach, Analysys and Mason (2005) develop a 
traffic model for voice and data and an operator cost model based on the use of 
UMTS technology.  

The network traffic model has four scenarios, urban – high and low and rural – high 
and low traffic. To forecast future network traffic for cellular services, voice and data 
traffics are estimated under each scenario. In 2010, voice traffic forecast in urban 
areas is just above 1.2 and 3.5 million peak hour erlangs under low and high traffic 
respectively. However, data traffic forecast in urban areas for low and high traffic 
scenarios appear to have a huge disparity.  Further, in the high traffic scenario for 
urban areas data traffic shows very aggressive growth in comparisons to low data 
traffic. High traffic scenario for data in 2010 and 2015 are 100 and 420 thousands 
peak hour Mbps respectively. Low traffic scenario for data in 2010 and 2015 are 
both below 25 thousands peak hour Mbps.  

The main findings are that total spectrum demand under high traffic scenario in 
urban areas by 2010 and 2015 are 550 and 1270 MHz respectively. Moreover, if 
this scenario is to be the future demand for spectrum then there is a shortage of 
750 MHz by 2025. Currently available spectrum for cellular services is 540 MHz 
and this will just be enough for low urban traffic and high and low rural traffic 
scenarios. 
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L.5 Traffic Estimation

Analysys and Mason (2005) [103] project the long term forecast for low and high 
voice traffic scenarios for the UK cellular services, which shows under the 
assumption of the high traffic scenario voice for urban areas in the UK in 2015 is 
well above 6 millions peak hour erlangs and from 2010 under high voice traffic in 
the urban areas there is extra spectrum required.6

Figure 54 illustrates the busy hour traffic demand for high, base and low cases. 
Under the high case scenario the busy hour traffic in erlangs is about 1.2millions in 
2015, which is well below the Analysys and Mason 2005 report for the same time 
period. Assuming that 540MHz cellular spectrum corresponds to about 3.5 million 
busy hour erlangs7 only under the high traffic demand case this figure will be 
reached in 2025 thus there will be a spectrum shortage from 2025 onwards. 
However under the high case scenario the busy hour traffic in erlangs is about 
1.2millions in 2015, which is well below the Analysys and Mason 2005 report for the 
same time period. Assuming that 540MHz Cellular Spectrum corresponds to about 
3.5 million busy hour erlangs8 only under the high traffic demand case this figure will 
be reached in 2025 thus there will be a spectrum shortage from 2025 onwards.

Figure 54: Busy Hour Traffic

L.6 Welfare Triangle Calculations

Let Q = D(P) be the demand for a cellular call per minute as a function of the price 
per minute. Then the consumer surplus (CS) at the market clearing price P* is 
defined as:

  
6 Total cellular services spectrum is 540MHz of which 140MHz 3G spectrum , 190MHz 3G expansion band and 
210MHz 2G spectrum.
7 Figure taken from Analysys and Mason 2005
8 Figure taken from Analysys and Mason 2005
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Suppose that a capacity constraint induced by the spectrum shortage exists at 
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The gain in PS if spectrum price remains unchanged, or the revenue from spectrum

if it does not is given by

QPPG *)( −= (9)

It follows that the welfare loss triangle in Figure 18 (volume 1) is given by
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We have estimated (in logs) an iso-elastic demand curve of the form
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Then the loss in CS works out as
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Note that for β = 1 the CS is infinite, but the consumer loss L remains finite. The 
welfare loss imposed by the constraint (or equivalently, the welfare gain from 
relaxing the constraint) can be expressed conveniently in terms of the revenue at 
the constrained capacity Q as follows. For a given income, Y , we have

ηβ YPAQ −= . Hence for β > 1, equation (16) becomes
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where QP is the revenue at the constrained capacity level. We can now eliminate
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prices using (17) which implies
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Hence the welfare gain, G say, as a percentage change in revenue that comes

about as a result of relaxing the spectrum constraint is given by
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Equation (22) provides the basis for our calculations of the welfare gains from the 
introduction of CR. 
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M CR Demonstrator Scenarios
As part of Ofcom’s study, the demonstrator was used by the consortium to model 
the behaviour of CR networks in different scenarios. These scenarios were:

• Scenario 1 – CR coexisting with a PMR network
• Scenario 2 – CR coexisting with multiple PMR networks 
• Scenario 3 – LE CR coexisting with the UHF TV band
• Scenario 4 – LE CR coexisting with hidden nodes in the UHF TV band
• Scenario 5 – Many CR networks coexisting with each other

These scenarios are discussed in more detail in the following sections. 

M.1 Scenario 1

In this scenario we demonstrate the general performance of the software to give 
confidence in its functionality.

A CR network attempts to coexist with a PMR LU network. The LU network is 
operating at frequencies between 148 – 470MHz but only has a bandwidth of 
30kHz at most, so there is plenty of potential for exploiting unused spectrum. The 
PMR LU network is set up as a star network with one fixed master transceiver and 
multiple mobile PMR handsets, as one might expect to see deployed in a wide area 
PBR installation for, say, a taxi firm or courier service operating across a city. For 
this scenario, ERP, sensitivity and required SNR of each LU terminal is +24dBm, -
120dBm and 12dB respectively, save the master transmitter which has an ERP of 
+52dBm (a combination of higher transmit power and antenna gain).

Figure 55 shows the locations of the LU terminals (red circles) and the CR terminals 
(dark blue circles) before the simulation begins. On the map, dark regions indicate 
high places such as hills and mountains, while lighter green regions are lower in 
altitude (e.g. valleys and plains). Light blue is water.

M.1.1 Scenario 1a

In this first version of scenario 1, the CR network is also a star network. It uses the 
same PMR characteristics as the LU network, except that its choice of frequency is 
limited to 450.0 – 450.6MHz.

The simulation begins with the CR network switching on while the PMR LU remains 
off. This is shown in Figure 56, a snapshot of the early stages of the simulation with 
a transmission taking place from CR1 (the master node) to CR2. At this point in 
time, there are no issues of interference since the CR network is the only spectrum 
user. The spectral view as seen by the CR network is shown in Figure 57. It shows 
that CR1 is using a carrier close to 450.4MHz, and it has identified a fallback 
frequency around 450.6MHz should it need to hop quickly.

The demonstrator also measures the SNR and SINR experienced by each node, in 
this case CR2 is receiving the signal from CR1 with a SNR of 50.6dB. The SINR is 
also 50.6dB indicating no interference is present: this is as expected since the LU is 
not yet active.



QinetiQ Proprietary

QINETIQ/06/00420 Page 120
QinetiQ Proprietary

Figure 55: Location of LUs and CRs in Scenario 1

Figure 56: CR activity is represented by arrows (transmissions), in this example 
from node CR1 to node CR2. At this time the LU network is switched off.
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Figure 57 : Spectral view of CR network at beginning of simulation. The CR has 
selected primary spectrum (in green) and fallback spectrum (in yellow). Red 

indicates measurements of the noise floor and prohibited spectrum is coloured 
grey.

When the PMR LU does activate, it immediately suffers interference from the CR 
transmission at 450.4MHz. Figure 58 shows how this is displayed on the 
demonstrator software. The spectral view of the CR network now changes to that 
shown in Figure 59: the CR can see the LU transmission (shown as a red spike) 
and consequently has a reduced SINR (7.4dB). The CR network now knows that it 
must take action to eliminate or mitigate the interference.

The demonstrator can display the levels of wanted signal and unwanted 
interference and noise for each node (LU and CR). To illustrate, Table 14 shows 
the information for the master PMR node, LU1, at this instant in the simulation. The 
SNR values show that, with no CR network (hence no interference), the LU network 
would enjoy good quality links between LU1 and all of the other LU nodes 
(remember, the required SNR is only 12dB). But the interference caused by the CR 
network is evident from the SINR values in the next column, which are all well 
below 12dB. In the right-hand column, the amount of data successfully transmitted 
is displayed: in this particular example no data has been transferred because the 
LU network has suffered significant CR interference from the moment it was 
switched on, hence ‘N/A’ is displayed. 

Receivin
g from

SNR 
(dB)

SINR 
(dB)

Significant 
interference

?

Data received 
(kBytes)

LU2 34.6 -2.6 TRUE N/A

LU3 33.8 -3.4 TRUE N/A

LU4 32.3 -4.9 TRUE N/A

LU5 38.9 +1.7 TRUE N/A

LU6 36.3 -0.9 TRUE N/A

Table 14: Link quality information provided on-screen by the demonstrator, for node 
LU1
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Figure 58: Red arrows show that the LU has started operating. It immediately 
suffers interference from the CR transmissions (indicated by LU1 turning pink). 
Conversely, node CR2 detects the LU activity, is also suffering interference and 

turns light blue to indicate this.

Figure 59: Spectral view of the CR network when the LU activates. The red spike 
superimposed over the green primary spectrum is interference caused by the LU 

transmissions.
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The CR network takes a finite amount of time to detect the LU transmissions and 
then act accordingly. In this scenario, from the time the LU switches on it takes 
160ms for the CR network to hop to the fallback frequency. This can be observed 
on the demonstrator by looking at the spectral view for the CR network, shown in 
Figure 60. The red spike of the LU transmissions is still present and the fallback 
frequency (previously yellow) has become the new primary frequency (now green) 
at around 450.6MHz. 

In reality, a CR’s response time will depend on its hardware: delays can be 
programmed into the demonstrator software to reflect this dependency.

Figure 60: Spectral view of the CR network after hopping to the fallback frequency 
(which is now green as it becomes the new primary spectrum).

Table 15 shows the link quality measurements for LU1 now that the CR has 
adapted. Interference from the CR network has been eliminated and SINR equals 
SNR. Both networks are able to function successfully from this point on in the 
simulation.

Receivin
g from

SNR 
(dB)

SINR 
(dB)

Significant 
interference

?

Data received 
(kBytes)

LU2 34.6 34.6 N/A

LU3 33.8 33.8 N/A

LU4 32.3 32.3 N/A

LU5 38.9 38.9 N/A

LU6 36.3 36.3 N/A

Table 15: Link information provided on-screen by the demonstrator, for node LU1 
after CR adaptation.
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M.1.2 Scenario 1b

Scenario 1b is the same as 1a, except that the CR network has a choice of different 
‘technology schemes’ to choose from. The ‘technology scheme’ specifies the 
modulation, transmit power, carrier frequencies, data rates, etc. and is associated 
with a particular service type. Scenario 1a had just one technology scheme, based 
on PMR. In scenario 1b the CR network can choose from PMR, GSM or a ‘low rate 
QPSK’ technology scheme. Some of the basic parameters of these schemes are 
listed in Table 16 below.

Technolog
y ID

Frequency 
range (MHz)

Bandwidth 
range (MHz)

EIRP

(dBm)

Max. data rate

(kbps)
Modulation 

type

PMR 450.0 – 450.6 0.01 – 0.02 24 2400 FM/PM

GSM 450.3 – 451.0 0.12 – 0.124 24 9600 GMSK

low rate 
QPSK

450.2 – 450.4 0.01 – 0.02 24 5000 QPSK

Table 16: Choice of technology schemes available to the CR network in scenario 
1b.

The simulation begins with the LU network switched off and the CR transmitting 
from node CR1 to CR2. This time, the CR network has chosen the GSM scheme 
centred on 450.5MHz as its primary use of spectrum. This provides a higher data 
rate than the PMR scheme of scenario 1a, but clearly takes up more bandwidth 
(124kHz). For its fallback option, the CR has chosen a PMR scheme centred on 
450.112MHz taking up 20kHz of bandwidth. Thus falling back to this second option 
would incur a penalty to the user (in the form of lower data rate), but this is 
assumed preferable to no service at all. Thus graceful degradation is possible. The 
primary and fallback frequencies are shown in Figure 61 in the form of the CR’s 
spectral view of the radio environment.

Figure 61: Spectral view of CR network at beginning of Scenario 1b simulation
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M.1.3 Scenario 1c

Scenario 1c is similar to 1b, with the CR network able to choose among PMR, GSM 
or ‘low rate’ QPSK technologies. As before, the CR network starts operating before 
the LU PMR network becomes active. The CR chooses GSM as it primary scheme 
and PMR as the fallback. In this scenario, when the LU network starts transmitting it 
clashes with the CR’s choice of fallback spectrum. This is not an immediate 
problem and will only become one if the CR network needs to hop out of its primary 
spectrum. So the CR network continues to operate on the primary frequencies 
using GSM, but it loses its fallback option (see Figure 62).

Figure 62: Spectral views showing primary and fallback frequency selections before 
LU activity (top) and during LU activity (bottom). Note the loss of any fallback 

spectrum once the CR network has detected a clash with the LU transmissions

The CR needs to choose a new fallback option or else it runs the risk of losing the 
ability to transmit at all, should a LU become active in the primary spectrum. This is 
shown in Figure 63. As it happens, in this particular simulation the LU transmissions 
at 450.4MHz have stopped while the CR was adapting its fallback frequency (hence 
the red spike at 450.4MHz has disappeared).



QinetiQ Proprietary

QINETIQ/06/00420 Page 126
QinetiQ Proprietary

Figure 63: A new fallback frequency is chosen by the CR at ~450.1MHz (yellow) 
while the primary frequency continues to be used.

M.1.4 Summary of Scenario 1

We have shown general functioning of the demonstrator to give confidence in its 
use. We have checked that the CR network selects unused spectrum, can hop to 
unused spectrum when it detects an LU, and that SNR and SINR measurements 
are giving sensible values. We have seen that, as expected, a small amount of 
temporary interference is suffered by both the LU and the CR when an LU appears 
during CR operation.

Scenario 1a showed basic hopping from primary to fallback spectrum with minimal 
temporary interference to the LU.

Scenario 1b showed how graceful degradation could be achieved, by changing 
from a high data rate scheme to a low data rate scheme.

Scenario 1c has demonstrated that, when a LU clashes with the CR’s fallback 
frequency, the CR will reallocate a new fallback option whilst continuing to operate 
on the primary spectrum without interruption.

M.2 Scenario 2

In this scenario, a CR network is attempting to coexist with three PMR LU networks 
(see Figure 64). The CR has the same choice of technology schemes listed in 
Table 16, and begins transmitting before any of the LU networks become active. As 
shown in Figure 65, it selects GSM as its primary technology scheme.

When the first LU network starts operating, it clashes with this primary frequency. 
However, because the CR is operating over a wider bandwidth than, but at a similar 
signal power to, PMR only a portion of its signal is picked up as interference by the 
LU network. This interference is acceptable to the LU and it can continue to operate 
with plenty of SINR, as Table 17 shows. However, the interference suffered by the 
CR is much greater, in fact the SINR for CR2 is -25.5dB (it would be +12.7dB with 
no LU present). Therefore, while the CR has not caused a problem for the LU, the 
LU has caused a problem for the CR. Therefore the CR hops to its fallback (see 
Figure 66).
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Figure 64: Locations of nodes in scenario 2. There are three LU networks located 
south of one CR network

Figure 65: Spectral view at the beginning of simulation, with only the CR network 
active.
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Receivin
g from

SNR 
(dB)

SINR 
(dB)

LU2 33.3 29.5

LU3 43.7 39.9

LU4 43.4 39.6

LU5 40.0 36.2

LU6 34.1 30.3

Table 17: Link information for node LU1, showing that some interference is caused 
by the CR network, but it  does not reduce the SINR to an unusable level (at least 

12dB SINR required).

Figure 66: Spectral views when the CR and LU clash (top) and after the CR has 
adapted (bottom).

In the next phase of this simulation, the CR network completes its transmission and 
then the second LU network activates (so two LU networks are active 
simultaneously). The CR network can re-establish a new primary and fallback 
spectrum, avoiding both LU networks, as shown in Figure 67. The primary spectrum 
is shown in dark green because the CR is not actually transmitting on at this point in 
time, it has just selected it in readiness for a transmission. But before it gets the 
chance to do this, the third LU network becomes active and so the CR must 
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reallocate again to a new primary spectrum (Figure 68). Note that this time the CR 
has selected a narrowband technology scheme for both the primary and fallback 
spectrum.

Figure 67: Reallocation of spectrum by the CR when the second LU network 
activates.

Figure 68: Reallocation of spectrum by the CR when the third LU network activates.

M.3 Scenario 3

In this scenario we use the CR Demonstrator to investigate the licence-exempt use 
of CRs in unused channels within the television (TV) bands. The Federal 
Communications Commission (FCC) has proposed a rule making to allow 
unlicensed radio systems to operate in the broadcast band using cognitive 
techniques, mainly based on the use of a location database and the Global Position 
System (GPS) [67]. In this scenario we investigate whether CRs can use spectrum-
sensing techniques to identify spectrum holes between TV channels, along with 
transmissions from other CR networks, to prevent interference to broadcast and 
licence-exempt systems alike.

First, we will look at the frequencies of TV channels. The FCC’s notification of 
proposed rule making (NPRM) allows the personal, portable and fixed devices to 
operate in four bands of TV channels ranging from 76 MHz to 698 MHz, as 
specified by Part 15.244 of the FCC Code of Federal Regulations (CFR) (proposed 
text for this section is included as an appendix in [67]). In addition to these bands, 
the devices are permitted to operate on US TV Channels 14 to 20 (470 to 512 MHz) 
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outside of the 13 metropolitan centres in which these frequencies are used. We 
have chosen to use this set of frequencies for this scenario, which correspond to 
UK TV Channels 21 to 25.

Using these TV channels, we have created three LU broadcast networks, each one 
broadcasting on a different channel. Figure 69 shows the location of the LUs and 
CRs. LU Network 1, in the Southwest corner, is using Channel 21 (474 MHz); the 
Southeast network (LU Network 2) is transmitting on Channel 23 (490 MHz); 
whereas the LU Network 3, located in the Northeast corner, is broadcasting 
Channel 25 (506 MHz). The broadcast transmitters, LUs 1, 4 and 7, start 
transmitting at the beginning of the scenario. The broadcast receivers are labelled 
LU 2, 3, 5, 6, 8 and 9.

To these three LU networks we add two CR cellular networks, also shown in Figure 
69 CR Network 1, comprising CRs 1, 2 and 3, is located in the Northeast of the 
map, whereas CR Network 2 (formed from CRs 4, 5 and 6) is located in the centre. 
The spectral view of CR Network 1 is shown in Figure 70. Note that CR 3 can 
hardly measure a signal at 490 MHz (which is TV Channel 23 broadcast by LU 4).

Figure 69: Locations of the LUs and CRs in Scenario 3a
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Figure 70: The initial spectral view of CR Network 1 including measurements of the 
noise floor and the LU transmissions. Prohibited spectrum is coloured grey.

M.3.1 Scenario 3a

The first version of this scenario has the LU networks transmitting at 50 dBm (100 
W), which makes the detection of the LU transmissions easy for the CRs. The SNR 
values for the six LU receivers are shown in Table 18.

LU Number Network SNR SINR

2 1 74.1 dB 74.1 dB

3 1 73.2 dB 73.2 dB

5 2 34.2 dB 34.2 dB

6 2 42.7 dB 42.7 dB

8 3 34.1 dB 34.1 dB

9 3 52.3 dB 52.3 dB

Table 18: Link quality measurements for the LU receivers for Scenario 3a.

The CR networks use an OFDM cellular system with a channel bandwidth ranging 
from 1.25 to 10 MHz wide. The base stations (CRs 1 and 4) have a maximum 
transmit power of 43 dBm (20 W) and the mobiles (CRs 2, 3, 5 and 6) have a 
maximum transmit power of 21 dBm (125 mW); both have a power control dynamic 
range of 30 dB. CR 1 starts to transmit to CR 3 at 2 seconds after the start of the 
simulation, and CR 5 starts to transmit to CR 6 via CR 4 at 4 seconds. The two CR 
networks choose the frequencies shown in Figure 71. The CR networks can 
measure the LU transmissions and choose to use frequencies in between these 
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transmissions (i.e., TV Channels 22 and 24, and part of Channel 26). Note that CR 
Network 2 (named CR Cellular 2) chooses CR Network 1’s fallback spectrum as its 
primary spectrum, which causes CR Network 1 to lose its fallback spectrum.

Despite the high transmit powers of the CR base stations they do not cause any 
interference to the LU networks because the CR networks detect the LU 
transmissions and choose to use frequencies in between these transmissions.

Figure 71: The primary spectrum (in green) and fallback spectrum (in yellow) 
chosen by the CR networks in Scenario 3a.

M.3.2 Scenario 3b

In this variation of Scenario 1 we lower the transmit power of the LU broadcast 
nodes to 40 dBm (10 W) and move the LUs so that some of the LU TV receivers 
are at the edge of the TV coverage (i.e., their SIR values are close to the minimum 
of 20 dB). The locations of the nodes in this scenario are shown in Figure 72. Note 
that LUs 5 and 6 are coloured pink because they are receiving interference from CR 
Network 2; this will be explained later.



QinetiQ Proprietary

QINETIQ/06/00420 Page 133
QinetiQ Proprietary

Figure 72: Locations of the LUs and CRs in Scenario 3b.

The reduction in transmit power and the relocation of some of the LUs has resulted 
in a reduction in link quality. The link quality measurements for the LU receivers are 
shown in Table 19. LUs 2 and 3 have consistently high SNR values for the link 
between them and their broadcast node, LU 1, mainly because LU 1 is in a 
relatively flat location away from hills. However, this is not the case for the other two 
LU broadcast nodes. SNR values for LUs 5, 6, 8 and 9 have all fallen below 30 dB, 
and, with the additional interference from the CR networks, the SINR values of LUs 
5 and 6 have fallen below the minimum required value of 20 dB.

LU Number Network SNR SINR

2 1 54.1 dB 54.1 dB

3 1 53.2 dB 53.2 dB

5 2 21.3 dB 5.6 dB

6 2 22.7 dB 18.9 dB

8 3 26.8 dB 26.8 dB

9 3 28.2 dB 28.2 dB

Table 19: Link quality measurements for the LU receivers for Scenario 3b.

The CR networks chose their primary and fallback spectra as before; these are 
shown in Figure 73. From this figure we can see that CR Network 1 detected the LU 
transmissions and chose spectra in the gaps between the TV channels, whereas 
CR Network 2 was unable to detect LU Network 2 broadcasting on Channel 23 and 
has used part of the channel for its primary spectrum, thereby causing the 
interference identified by the reduction in SINR values presented in Table 19. This 
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is an example of a hidden node: CR Network 2 (CRs 4, 5 and 6) cannot detect the 
transmission from LU 4 because of the hills between LU 4 and the three CRs. We 
will examine hidden nodes more in Scenario 3 in Section M.4. Note that CR 
Network 2 has again used part of CR Network 1’s fallback spectrum for its primary 
spectrum.

Figure 73: The primary and fallback spectra chosen by the CR networks in Scenario 
3b.

M.3.3 Scenario 3c

In order to prevent interference from CR devices to TV transmissions the FCC has 
imposed certain power and antenna gain limitations on the devices. Part 15.247 of 
the FCC CFR [67] defines two types of devices: fixed devices with a maximum peak 
output power of 1 W (30 dBm), and portable devices with a maximum peak output 
power of 100 mW (20 dBm). Antenna gains up to 6 dBi are permitted; if the antenna 
gain of a device exceeds this then the transmit power must be reduced so that the 
maximum effective isotropic radiated power (EIRP) is limited to 36 dBm (4 W) and 
26 dBm (400 mW) for the fixed and portable devices, respectively.

In order to make our scenario more realistic we reduced the antenna gain of the 
CRs to 6 dBi and the transmit powers to 30 dBm. This had the effect of reducing the 
interference experienced by LUs whose transmissions are undetected by the CR 
networks. Re-running the Demonstrator with these parameters removes the 
interference that LUs 5 and 6 experience. The new LU link quality measurements 
are shown in Table 20. Note the reduction in interference to LUs 5 and 6, although 
5 is still close to the minimum required SNR level the interference is not significant 
enough to interrupt the TV transmission.

Figure 74 shows the primary and fallback spectra for the two CR networks. Note 
that we have allowed the CRs of Network 1 to use a 10 MHz-wide channel if 
possible; this channel occupies frequencies from 476 to 486 MHz. Also note that 
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the two CR networks are using the same frequencies in two different locations; the 
reduced antenna gain and transmit powers allow them to use the same spectrum 
without interfering with each other or the LU networks around them.

LU Number Network SNR SINR

2 1 54.1 dB 54.1 dB

3 1 53.2 dB 53.2 dB

5 2 21.3 dB 20.7 dB

6 2 22.7 dB 22.5 dB

8 3 26.8 dB 26.8 dB

9 3 28.2 dB 28.2 dB

Table 20: Link quality measurements for the LU receivers for Scenario 3c.

Figure 74: The primary and fallback spectra chosen by the CR networks in Scenario 
3c.

We have shown that by following the FCC’s rules we can set up spectrum-sensing 
CR networks that operate in TV broadcast spectrum and yet do not interfere with 
TV broadcasts. This is not an exhaustive proof that CRs can coexist with TV 
channels, however, it does demonstrate the problems that such systems face and 
show that these systems can coexist in some situations even if a database of 
frequencies were unavailable or a GPS system were not included within the CRs.
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M.4 Scenario 4

In this scenario we examine the hidden node problem. The scenario has one LU 
broadcast network that transmits at 474 MHz (TV Channel 21) and one CR cellular 
network permitted to transmit in two frequency bands, one from 471 to 477 MHz (ie, 
TV Channel 21) and one from 488 to 492 MHz (ie, the centre of TV Channel 23). 
Because we are trying to force the CRs to interfere with the LUs in this scenario, 
the CRs transmit powers are 43 dBm (20 W) and 21 dBm (125 mW) for the CR 
base station and mobile stations, respectively, whereas the LU broadcast node’s 
(LU 1’s) transmit power is 50 dBm (100 W). In addition to high transmit powers, we 
have also turned off the CRs’ power control to maximise the interference that the 
CRs inflict upon the LU receiver.

M.4.1 Scenario 4a

The initial locations of the two networks are shown in Figure 75. From the figure we 
can see that the CRs are in a valley and that the LU 1 is on a hill. This means that 
transmissions from the LU network are completely undetected by the CR network. 
LU 2 is coloured magenta because it is suffering interference from CR 1. In this 
scenario we change the location and number of CR nodes but do not change the 
LU network.

Figure 75: Locations of the LUs and CRs in Scenario 4a.

Figure 76 shows the spectrum allocations of the CR network. Naturally the CRs 
choose the larger spectral hole as their primary spectrum and the smaller hole as 
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their fallback spectrum. This means that the CRs transmit in the same frequency 
band as the LUs, thus causing interference to the LU network.

Figure 76: The view of the CR network for Scenario 4a.

The CRs are unaware of LU 1’s transmissions because the diffraction loss of the 
hills between the CR network and LU 1 reduces its signal strength. The SINR of the 
signal received by CR 3 falls from 42.0 dB to 41.9 dB due to interference from the 
LU network when LU 1 starts transmitting, however, this is too low a change for the 
CRs to recognise as a LU transmission. The signal is literally lost in the noise.

Unfortunately the interference from the CR network is far more devastating to the 
LU 2. Its SINR value falls from 24.6 dB to 19.5 dB. The interference causes 
noticeable degradation to the quality of the received TV signal.
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M.4.2 Scenario 4b

Moving the CRs closer to LU 2 has little effect. Scenario 3b is shown in Figure 77. 
Although the transmission from LU 1 as measured by the CR network does 
increase in magnitude, it is still undetected by the CRs. In this version of the 
scenario, the SINR of the signal received by CR 3 falls from 18.7 dB to 18.5 dB, 
whereas the LU transmission’s signal quality falls to −13.1 dB due to the increased 
interference from the closer CR network. LU 2 can no longer receive TV Channel 
21.

Figure 77: Locations of the LUs and CRs in Scenario 4b.
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M.4.3 Scenario 4c

The next experiment was to add more CR nodes even closer to LU 2, as shown in 
Figure 78. These are passive nodes whose purpose is to listen for LU 
transmissions to avoid interference with the primary user.

Figure 78: Locations of the LUs and CRs in Scenario 4c.

CRs 4 and 5 are placed in locations where the diffraction loss caused by the hills 
between them and LU 1 is reduced, consequently, they start measuring the LU 
transmissions at noticeable levels (10 dB above the noise floor), as seen in 
Figure 79. Unfortunately these readings are still too low for the CR network to 
realise that there is a LU network nearby.
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Figure 79: The view of the CRs 4 and 5 in Scenario 4c.

M.4.4 Scenario 4d

In order to improve the sensitivity of CRs 4 and 5 we replaced the mobile stations 
with fixed monitoring stations. To model this we increased the antenna gain of CRs 
4 and 5 from 0 dBi to 15 dBi. The new readings measured by these nodes are 
shown in Figure 80. Now the LU transmission is measured at 25 dB above the 
noise floor. This allows the CR network to detect the LU transmission and switch 
frequencies to use its fallback spectrum and to stop any further interference to the 
LU network.
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Figure 80: The view of the CRs 4 and 5 in Scenario 4d.

In this scenario we have shown a possible example of a hidden node and a solution 
to this problem. In this example using monitoring stations with high gain antennas 
made it possible for the CR network to detect LU transmissions even in an 
environment that decreases the strength radio signals.

M.5 Scenario 5

This scenario consists of seven CR networks all sharing the same spectrum but 
operating with different technology schemes. Each network is self contained, i.e. 
inter-network links are not attempted. Each network has the choice of three 
technology schemes, shown in Table 21. The networks are configured in various 
ways and there are a number of single link, broadcast and cellular networks and 
one mesh network. The antenna technology (hence EIRP and receiver gain) is the 
same for each node within a network but varies between networks.
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Technology 
ID

Frequency 
range (MHz)

Bandwidth 
range (MHz)

Required 
SNR (dB)

Max. data 
rate 

(kbps)

Modulation 
type

802.11g 420 – 500 0.02 – 2.00 5 500 OFDM

GSM 400 – 560 0.01 – 4.00 7 1000 FDMA

CDMA 1 450 - 600 1.25 – 5.00 10 5000 CDMA

Table 21: Choice of technology schemes available to the CR network in scenario 5.

The simulation begins with just two CR networks activating. They choose different 
primary and fallback frequencies, so there is no clash and no problem of interfering 
with each other (see Figure 81).

Figure 81: Scenario 5 starts with just two CR networks, choosing different primary 
frequencies resulting in no interference to each other.

One by one, the remaining networks are activated. By the time all are active, five 
nodes out of four networks are suffering from interference. This relatively 
complicated situation is depicted in Figure 82. The spectral view of one node, 
CR14, is shown in Figure 83 and shows how it responds to the detection of 
interference. All of the CR nodes in the scenario react by hopping to unused 
spectrum but they do not ‘chase’ each other by selecting the same spectrum holes, 
resulting in the scenario settling down to a state where all networks can operate 
without interfering to each other. This final settled stated is shown in Figure 84, 
where the primary and fallback spectrum is displayed for each network. It can be 
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seen that all the primary allocations, and all but one of the fallback frequencies, are 
different. 

To reach this settled state takes 460ms using the random version of the 
demonstrator, and 560ms using the non-random version. This is because in the 
random version CRs are less likely to select the same primary and fallback 
frequencies during initial allocation and reallocation (because a random element 
effects their decision-making). Therefore, in the non-random version, more clashes 
occur and more nodes suffer interference, before the scenario settles down. 
Remember that the actual time taken to settle will depend on hardware in the real 
world, so this example can only indicate the relative difference between the random 
and non-random versions of the demonstrator.
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Figure 82: Scenario 5, with all CR networks activated. Five nodes in four networks 
are suffering from interference (light blue circles).

Figure 83: Spectral view and behaviour of CR14. When the network is first 
activated, no interference is suffered (top). With all seven networks running, 

significant interference is detected on both the primary and fallback frequencies 
(middle). Adaptation results in a new primary and fallback frequency well away from 

the interference (bottom).
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Figure 84: Final settled state of scenario 5, showing how all seven CR networks 
have adjusted to coexist with each other.
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Abbreviations 

16QAM 16-symbol Quadriphase Amplitude Modulation

256QAM 256-symbol Quadriphase Amplitude Modulation

3G Third Generation (mobile telephony)

3GPP Third Generation Partnership Project

64QAM 64-symbol Quadriphase Amplitude Modulation

8PSK 8-symbol Phase Shift Keying

ACTS Advanced Communications Technology Satellite

ADC Analogue-to-Digital Converter

ADF Augmented Dickey Fuller

AGC Automatic Gain Control

AI Artificial Intelligence

ALE Automatic Link Establishment

ALM Automatic Link Maintenance

AMS Automatic Monitoring Station

AMS Automatic Monitoring System

AP Access Point

APCO Association of Public Safety Communications Officials

ARCS Automatic Radio Control Systems

ARQ Automatic Retransmission Request

ASAP Automatic Spectrum Adaptation Protocol

A-to-D Analogue-to-Digital

BER Bit Error Rate

BS Base Station

BT British Telecom

BWRC Berkeley Wireless Research Centre

C/Ic Co-channel interference

C/N Carrier-to-Noise ratio

CAA Civil Aviation Authority

CA-SIG Cognitive Applications Special Interest Group

CDMA Code Division Multiple Access

CFR Code of Federal Regulation

CIR Carrier-to-Interference Ratio

COFDM Coded Orthogonal Frequency Division Multiplexing

ComReg Commission for Communications Regulation

CORVUS Cognitive Radio approach for usage of Virtual Unlicensed Spectrum 
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COTS Commercial Off The Shelf

CPN Cognitive Packet Network

CR Cognitive Radio

CRWG Cognitive Radio Working Group

CS Consumer Surplus

CSI Channel State Information

CSMA-CA Carrier Sense Multiple Access-Collision Aviodance

CTCSS Continuous Tone Controlled Squelch System

CTVR Telecommunications Value chain Research

DAC Digital-to-Analogue Converter

DAMA Demand Assigned Multiple Access

DARPA Defense Advanced Research Project Agency

DCS 1. Digital Cross-connect System

2. Digitally Controlled Squelch

DECT Digital European Cordless Telephone

DF Direction Finding

DFS Dynamic Frequency Selection

DMB Digital Multimedia Broadcasting

DSA Dynamic Spectrum Allocation

DSP Digital Signal Processor

D-to-A Digital-to-Analogue

DVB Digital Video Broadcasting

DVB-H Digital Video Broadcasting – Handhelds

DVB-T Digital Video Broadcasting - Terrestrial

E2R End-to-end Reconfigurability

ECCM Electronic Counter Counter Measurement

ECM Error Correction Mechanism

EDGE Enhanced Data rates for GSM Evolution

EG Engle & Granger

EIRP Effective Isotropic Radiated Power

ERC European Radiocommunications Committee

ERP Effective Radiated Power

ETSI European Telecommunications Standards Institute

EU European Union

EVM Error Vector Magnitude

FAT Frequency Allocation Table

FCC Federal Communications Commission

FCS Free Channel Search

FDD Frequency Division Duplex
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FDMA Frequency Division Multiple Access

FEC Forward Error Correction

FER Frame Error Rate

FFT Fast Fourier Transform

FM Frequency Modulation

FP6 Sixth EU Framework Programme

FSK Frequency Shift Keying

FWA Fixed Wireless Access

GFSK Gaussian Frequency Shift Keying

GMSK Gaussian Minimum Shift Keying

GPRS General Packet Radio System

GPS Global Position System

GSM Global System for Mobile (communication)

GUI Graphical User Interface

HDTV High Definition Television

HF High Frequency

IEEE Institute of Electrical and Electronics Engineers

IF Intermediate Frequency

IR Interface Requirement

IS-95 Interim Standard 95

ISP Intelligent Signal Processing

ITT International Telephone and Telegraph

ITU International Telecommunication Union

ITU-R ITU - Radiocommunication

JFMG Ltd Joint Frequency Management Group

JTRS Joint Tactical Radio System

LAN Local Area Network

LBT Listen Before Transmit

LE Licence Exempt

LMR Land Mobile Radio

LPD Low Probability of Detection

LPI Low Probability of Interception

LQA Link Quality Analysis

LSU Link Set Up

LU Legacy User

MAC Media Access Control layer

MAC Ltd Multiple Access Communications Ltd

MBITR Multiband Intra/Inter Team Radio

MC Multi Carrier
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MF Medium Frequency

MILSATCOM Military Satellite Communications

MIMO Multiple Input Multiple Output

MMR Multi Mode Radio

MNO Mobile Network Operator

MPRG Mobile and Portable Radio Research Group

MSC Mobile Switching Centre

NASA National Aeronautics and Space Administration

NATO North Atlantic Treaty Organisation

NPRM Notification of Proposed Rule Making

Ofcom Office of Communications

OFDM Orthogonal Frequency Division Multiplexing

OLS Ordinary Least Squares

ONS Office of National Statistics

ORACLE Opportunistic Radio Communications in Unlicensed Environments

OSI Open System Interconnection

PAMR Public Access Mobile Radio

PAPR Peak-to-Average Power Ratio

PBR Private Business Radio

PBX Private Branch Exchange

PC Personal Computer (desktop)

PCS Personal Communication Service

PDA Personal Digital Assistant

PDB Policy Database

PFD Power Flux Density

PHY Physical layer

Pi/4PSK 45° rotation quadriphase shift keying variant

PM Phase Modulation

PMR Private Mobile Radio

PMSE Programme Making for Special Events

PR Policy Reasoner

PR2 Poste Radio Programmable

PRF Pulse Repetition Frequency

PRR Personal Role Radio

PS Producer Surplus

PSK Phase Shift Keying

PSSTG Public Sector Safety Test Group

PSTN Public Service Telephone Network

PTT Push to talk
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QAM Quadrature Amplitude Modulation 

QoS Quality of Service

QPSK Quadri-Phase Shift Keying

R&TTE Radio and Telecommunication Terminal Equipment

RE Radio Environment

RF Radio Frequency

RRM Radio Resource Management

RSS Received Signal Strength

RSSI Received Signal Strength Indicator / Indication

RTCE Real-Time Channel Evaluation

SCA Software Communications Architecture

SCR Software Controlled Radio

SDMA Space Division Multiple Access

SDR Software Defined Radio

SDRF Software Defined Radio Forum

SES Spectrum Efficiency Scheme

SFR Spectrum Framework Review

SGS Satellite Ground Station

SHF Super High Frequency

SINCGARS Single Channel Ground and Airborne Radio System

SINR Signal-to-Interference-and-Noise Ratio

SNR Signal-to-Noise Ratio

SPORT 
VIEWS

Spectrum Policies and Radio Technologies Viable In Emerging 
Wireless Societies

SR Software Radio

SS Subscriber Stations

SSR Spectrum Strategy Reasoner

STANAG Standardization Agreement

SUR Spectrum Usage Rights

T-DAB Terrestrial-Digital Audio Broadcasting

TDD Time Division Duplex

TDMA Time Division Multiple Access

TDOA Time Delay On Arrival

TDRS Tactical Data Radio System

TETRA Terrestrial (/Trans European)Trunk Radio

TPC Transmit Power Control

UE User Equipment

UHF Ultra High Frequency

UMA Unlicensed Mobile Access
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UMTS Universal Mobile Telecommunications System

UR Unit Root

UWB Ultra Wideband

VCE Virtual Centre for Excellence

VHF Very High Frequency

VoIP Voice-over-Internet Protocol

WCDMA Wideband Code Division Multiple Access

Wi-Fi Wireless Fidelity

WINNER Wireless World Initiative New Radio

WLAN Wireless Local Area Network

WMAN Wireless Metropolitan Area Network

WPA WiFi Protected Access

WPAN Wireless Personal Area Network

WRAN Wireless Regional Area Network

WT Wireless Telegraphy

XG Next Generation
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Glossary 

Brokered spectrum Spectrum resold to third parties by primary users via a broker.

Cognitive protocol Stack See Cognitive stack.

Cognitive radio 1. An intelligent and flexible radio that can autonomously adapt to 
its environment to optimise some aspect of its performance.

2. The system or process of implementing cognitive radios.

3. The subject concerning either of the above definitions.

Cognitive stack A system or device that uses intelligent signal processing at 
multiple OSI layers, which may or may not include the physical 
layer.

Command-and-control Traditional licensing regime in which the national regulator 
specifically authorises how spectrum is to be used, generally 
considered to be too rigid and  poor value for spectrum users. cf. 
Market mechanisms.

Geolocation Determination of the geographic location of an internet terminal, 
mobile device or website visitor based on information obtained via 
the communication link.

Graceful degradation The gradual decline of service or performance, generally 
considered preferable to a sudden and complete loss of service or 
performance.

Hidden node A radio that remains undetected by a potentially-interfering 
cognitive radio because a) it is a receive-only device or b) the 
received signal strength of its transmissions is too weak.

Intelligent signal 
processing

Signal processing that makes use of past and present 
measurements in order to adapt and produce a desired reaction for 
a particular set of measurements: effectively learning and 
observing.

Legacy user See Primary user.

Licence exempt CR Cognitive radio that is allowed access to spectrum on a licence-
exempt basis, subject only to interface requirements specifying the 
usual constraints (ERP, etc.) of licence-exempt equipment.

Market mechanisms An alternative to Command-and-control licensing in which natural 
competition amongst businesses will self-manage spectrum, 
without the need for a national regulator to intervene.

Mitola radio A cognitive radio device that measures every possible parameter 
and takes this into account while making a decision on the way it 
operates. Also called Full Cognitive Radio.

Nash equilibrium The solution of a game involving multiple players where no player 
can benefit by unilaterally changing his or her strategy.

Oligopoly A market situation in which the supply of a commodity is controlled  
by a small number of producers

Policy box  module The element of a cognitive radio that determines how it should 
behave based upon regulation.

Policy database A database of the regulator’s policies containing terms of use (e.g. 
EIRP limits for each band).
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Primary user The “original” spectrum user who has paid to be a licensee, and 
may have leased part of their spectrum to a CR user. The primary 
user’s use of the spectrum is generally considered to take priority 
over the CR user.

Rake receiver A receiver designed to combat multipath fading by multiple 
reception of the signal, each reception separated by a time delay 
which tunes into an individual multipath component.

Secondary licensed CR Cognitive radio permitted to transmit on a secondary licensed (non-
interference, non-protection) basis.

Software defined radio 1. A flexible radio hardware platform controlled by software.

2. The subject of software defined radio.

Software radio module The element of a cognitive radio that comprises software defined 
radio technology.

Spectrum control Techniques use to control how a cognitive radio selects spectrum 
holes for use.

Spectrum database A database of known transmitter and receiver locations and their 
parameters, for use by cognitive radio to help identify spectrum 
holes.

Spectrum hole A piece of spectrum assigned to a primary user that, at a particular 
time and/or place, is not being utilised by that user.

Spectrum leasing CR Cognitive radio that has permission of the licensee to transmit on its 
frequencies, through leasing the spectrum to the CR user.

Spectrum liberalisation The relaxation of some of the restrictive conditions of command-
and-control spectrum licensing, making it easier to trade licences.

Spectrum monitoring 
module

The element of a cognitive radio that identifies spectrum holes by 
monitoring spectrum and/or using information from a spectrum 
database.

Spectrum trading The act of reselling spectrum rights to third parties by licensees on 
a temporal, spatial or other appropriate basis, with minimum 
supervision from the regulator.

Sweet spot The frequency range 300MHz – 3GHz, so-called by Ofcom 
because it contains the most practical frequencies at which to 
operate.
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