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K CR Implementation for Spectral Gains 
Analysis 

K.1 Data Model

The CR is expected to operate in the frequency range from 300MHz to 3GHz, a 
“sweet spot” within which the propagation of the electromagnetic waves is 
favourable for mobile wireless communications devices. We focus on 3 different 
frequency regions, the GSM band from 890--915MHz and 935-960MHz, the DECT 
band from 1885--1900MHz, and UMTS expansion band from 2.5--2.69GHz. 

K.1.1 GSM Band

The GSM standard in full-rate mode enables a throughput of 13kbps for speech and 
9.6kbps for data. After channel coding, the data rate of one used has a rate of 
22.8kbps, and is multiplied in time and frequency. Firstly, FDMA is implemented 
through utilising carriers spaced at 200MHz, whereby not every carrier is used 
within a cell in order to avoid inter-cell interference, thus motivating a reuse factor 
which in an ideal hexagonal cell structure is seven, but in practise reduces to 
approximately twelve. Secondly, the signal transmitted at one carrier frequency is a 
TDMA waveform accommodating 8 time slots for different users. Each user is 
allocated one of eight time slots for a specific carrier in the uplink band 890-
915MHz and the downlink band 935-960MHz, whereby Gaussian Minimum 
Frequency Shift Keying (GMSK) modulation is employed. 

For the GSM channel band, some important statistics have been measured and 
compiled in [114], which has formed the basis for building surrogate data for 
simulation. The AIMS report provides daily variations in signal power, but also some 
parameters of the distributions of carrier as well as noise and interference power 
levels, such as the minimum, maximum, and median values of the PSD as well as 
its interquartile range.  For a dense urban scenario, such as the Riverside House 
location in London evaluated in the AIMS report, it is assumed that the maximum 
measured carrier power level occurs for a full duty cycle, i.e. with the maximum 
number of users being serviced. This provides a handle on the average number of
users present, as well as the power levels and their range.  When the number users 
is randomised across an ensemble of simulation data, the distribution of signal and 
noise/interference power needs to approximately match the median and 
interquartile range for the measurements stated in [114]. For the Riverside House, 
the carrier power has been measured to stretch over a range from 10 to 67dB, with 
an interquartile range from 33 to 46dB and a median of 40dB. The noise and 
interference power is stated as having a range from 10 to 55dB, with an 
interquartile range over the interval 25 to 40dB and a median of 35dB.

As an example for the data produced, Figure 30 shows the spectrum of an 
ensemble probe obtained with the surrogate data model for the GSM band 
according to the reported Riverside House statistics. 
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Figure 30: GSM band spectrum: sample probe of 25MHz uplink spectrum with an 
occupancy (or duty cycle) of 70%.

Figure 31: GSM band spectrum:  detailed zoom of Figure 57 over 2MHz bandwidth.

Figure 32: GSM band spectra: distribution of PSD values.
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K.1.2 DECT Band

The DECT standard for the frequency band 1885-1900MHz has a similar 
modulation structure to the GSM band, with an FDMA component based on 10 
carriers. Each RF carrier can be shared between up to 12 users using a TDMA 
TDD mode over 24 time slots, whereby 12 slots for downlink are followed by 12 
time slots for the uplink for the voice mode. In data mode, the TDD mode can be 
asymmetric.  The standard modulation mode is Gaussian Frequency Shift Keying 
(GFSK), although higher modulation levels are possible and permitted in the 
standard. However, we restrict the analysis to GFSK based on binary symbols for 
voice transmission.

A DECT time slot of 417µs duration contains 420 bits, of which 256 bits are payload 
for voice or data transmission, with the remainder for synchronisation, parity check, 
etc, yielding a maximum data rate of 552kb/s (ETS300175 standard). Power levels 
and approximate distributions for the power spectral densities are again taken from 
the AIMS report [114].

Figure 33: DECT sample spectrum of the surrogate data model.

K.1.3 UMTS Expansion Band

The frequency range of 2.5 to 2.69GHz has been under discussion for an 
expansion of UMTS. Based on OFCOM data comprising of power spectral density 
plots, the band appears to be occupied to approximately 10%. The surrogate data 
for the UMTS expansion band has been modelled by a randomised 1MHz legacy 
occupation within every 10MHz, and to match the spectral characteristics of 
approximately -12dB signal and -32dB noise power spectral density levels. The 
data has been modelled using QPSK symbols in an OFDM modulation in the 
presence of Gaussian noise. A snapshot of a 10MHz segment is shown in Figure 
34 and Figure 35.
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Figure 34:UMTS expansion band sample spectrum based on surrogate data model.

Figure 35: 10 MHz detail of the UMTS expansion band sample spectrum.

K.1.4 Dispersion and Time-Varying Channels

For the radio propagation, a doubly dispersive environment has been assumed, 
caused by a time-dispersive channel as well as mobility of one or both ends of the 
communications link. For the simulation of an urban environment, the statistics of 
the “bad urban” model for COST 207 [108] has been adopted. Although COST 207 
has been concerned with GSM channels which are narrowband by nature, the 
delay spread of around ~8μs found in the “bad urban” environment has been used 
as a basis for a statistical channel model with Rayleigh distributed multipath 
components. The time-varying behaviour of the channel causes Doppler spread, 
which for a speed of sv =100km/h results in a frequency shift f∆ with respect to the 
originally emitted frequency f at the moving receiver of 

ff
v
vf s 7

0
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where 
8

0 103 ⋅≈v m/s is the propagation speed in the medium. Therefore a carrier 
frequency of the order of 1GHz experiences a Doppler shift of the order of 100Hz.



QinetiQ Proprietary

QINETIQ/06/00420 Page 102
QinetiQ Proprietary

K.2 Spectral Estimation and Identification of Spectrum Holes

Spectral estimation is performed as a means of radio scene analysis. Both 
parametric and non-parametric methods have been evaluated in order to identify 
white space and spectrum holes, as well as to identify the noise level within such an 
identified frequency band [109].

Parametric modelling assumes that the signal to be spectrally estimated is the 
output of an innovations filter [110] excited by white Gaussian noise of unit 
variance. The aim is to identify the innovations filter, which by means of its squared 
magnitude response will also provide the desired power spectral density. The 
identification of the innovations filter can be performed by adaptive algorithms, such 
as the least mean squares or recursive least squares methods [111], which differ in 
the amount of data required to yield a good estimate, and their complexity. 
Depending on whether the innovations filter is assumed to be (i) auto-regressive or 
(ii) a moving-average system, the adaptive filter will in general have difficulties to (i) 
identify spectral peaks unless IIR models are considered for the adaptive solution, 
or (ii) the approximation of the correct values for power spectral densities is poor 
because in particular the LMS does not yield good identification for spectral regions 
where the excitation is weak.

Non-parametric methods are signal-based rather than trying to identify an 
innovations filter, and are mostly variations of the averaged periodogram approach. 
The latter calculates a series of periodograms of subsequent segments of the signal 
to be analysed, and averages across the various frequency bins. The mean of a 
frequency bin determines the power spectral density estimate. Since the statistics 
for each frequency bin are collected, the variance of periodogram values within a 
bin can be taken as an indication of the confidence of the estimate. The confidence 
will depend on both the actual variation of the periodogram values, as well as the 
number of samples - typically the confidence grows with the amount of available 
data on which the estimate can be based. As an example, the spectrum shown in 
Figure 34 of the surrogate data produced to mimic the UMTS extension band has 
been estimated over a duration of 100ms, or ~107 data samples given the 
bandwidth of 100MHz. The green confidence boundary marks the threshold below 
which the power spectral density can be expected to lie with a probability of 97.5%. 
Depending on the need, this confidence interval can be defined tighter or looser.
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Figure 36:GSM sample spectrum with estimate of power spectral density (green) for 
a 97.5% confidence.

Figure 37: 10 MHz segment of sample spectrum and estimate for the GSM band 
depicted in Figure 36.

Figure 38: Spectrum and power spectral density estimate with 97.5% confidence for 
the DECT band..
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Figure 39: Spectrum and power spectral density estimate with 97.5% confidence for 
the UMTS expansion band.

Figure 40:  2 MHz detail segment of the UMTS expansion band estimate shown in 
Figure 39.

Due to the fact that the noise level within spectrum holes needs to be accurately 
determined, and since computational or numerical complexity is not an issue for this 
CR simulator, spectral estimation was solely performed using the averaged 
periodogram approach. In a real world scenario, where computational complexity is 
an issue, a suitable combination of both techniques can yield good results [109].

The identification of spectrum holes is based on the above non-parametric 
estimation of the power spectral density. For a conservative worst-case scenario, 
the identification of spectrum holes was based on the 97.5% confidence interval, 
which depends on the underlying power spectral density as well as the number of 
samples used to estimate it. The subsequent search for spectrum holes requires 
the knowledge of the acceptable interference temperature level. If the PSD estimate 
is below this level, potentially transmission can be accomplished at an SNR greater 
than zero. The identified bins are clustered such that (i) a spectrum hole contains a 
defined minimum bandwidth and (ii) that a minimum defined distance is obeyed to 
frequency bands where the estimated spectral power suggests occupancy in order 
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to cause a minimum of interference for a legacy user. Such guard bands can take 
Doppler shift due to user mobility into account, although the order of the frequency 
shift due to Doppler as calculated above appears negligible here. As an example of 
the mask produced for spectrum holes, a mask highlighting all identified spectrum 
holes for spectral segment similar to the numerical example in Figure 41 is given in 
Figure 42.

The spectra are evaluated over a time interval of 8ms. If a shorter time frame is 
utilised to estimate the spectrum, the variance is larger and the confidence of the 
estimate degrades. As a result, masking has to be more conservative, as is 
demonstrated in Figure 43, where the spectrum and subsequently the mask for the 
CR is derived from an estimate obtained over only 2ms of data. 

Figure 41:GSM band with sample spectrum: identification and clustering of 
unoccupied frequency bands (“spectrum holes”) within which a CR would be 

permitted to operate.

Figure 42: 2 MHz wide detail of the GSM band example in Figure 41; the PSD is 
estimate over 20ms of data.
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Figure 43:As compared to Figure 42, the estimation time has been reduced to 5 ms.

Figure 44: As compared to Figure 42 and Figure 43 , the estimation time has been 
further reduced to 1 ms. The identification of spectrum holes is less successful, and 

on one occasion does collide with a legacy user (at 901.45MHz).Elsewhere, the 
clustering discourages the selection of spectrum holes within poorly estimated 

frequency slots in the GSM spectrum.
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Figure 45:UMTS expansion band – identification of spectrum holes and clustering 
of frequency bands suitable for operating a CR.

Figure 46: 10 MHz detail of the UMTS expansion band in Figure 45.
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Figure 47: DECT spectrum and frequency mask for spectrum holes identified by the 
CR; note that due to the poor SNR in DECT, the detection – and in particular the 
clustering – of unoccupied frequency bands is more difficult than in Figure 46 for 

the UMTS expansion band..

K.3 Channel Estimation

Once spectrum holes are identified, the CR needs to estimate the capacity 
available for transmission over a potential unoccupied frequency band.  For CDMA 
or TDMA systems, channel state information can be obtained by system 
identification of the channel based on training sequences or blind adaptation [112]. 
In OFDM, the estimation is performed by embedding pilot symbols into the 
transmitted subcarriers, of which there are 1024 for a UMTS system. While perfect 
channel identification, subject only to misadjustment due to channel noise, can be 
achieved for 100% transmission of pilots, in practise a number of 34 pilots or 3.5% 
of all subcarriers is sufficient to approach this estimate very closely, and provides 
the ability to track channel changes. This has been modelled in the simulator by 
assigning 3.5% of all subcarriers to pilot transmission, and disturbing the remaining 
subcarriers by the inaccuracy to the SNR within the specific subcarrier.

Simulations have changed due to Mark Austin: ~50% pilots in scheme for UMTS 
expansion on downlink; similar scheme assumed for GSM and DECT.

K.4 Power Control and Capacity Estimation

The SNR within each subcarrier is estimated conservatively based on the 97.5% 
confidence margin of the power spectral density estimate in Section K.2. This 
permits to calculate the overall channel capacity available to the CR. Power control 
to optimise channel capacity would optimally apply a limited transmit power to 
favour transmission over subcarriers that experience high SNR. Since no power 
limit is imposed on the transmission side other than what is regulated as maximum 
interference temperature level, each subcarrier is transmitted with this maximum 
gain. Capacity variations across subcarriers occur due to the Rayleigh distributed 
channel gain, and the variations and estimation of the channel noise. 

Capacity is estimated based on the power of the signals potentially transmitted by a 
CR within the mask of identified spectrum holes, and the conservatively measure 
97.5% confidence estimate of the power spectral density of noise, interference, and 
legacy users. 
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Figure 48: GSM sample spectrum with interference created by a CR operating at 
the maximum interference temperature limit.

Figure 49: 2 MHz detail of Figure 48.
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Figure 50: DECT band simulation with 10% occupancy by legacy users;: blue: true 
psd, green: estimate with 95% confidence, red: interference contributed by 

cognitive radio..

Figure 51:  UMTS expansion band sample spectrum with maximum CR occupation.

Figure 52:10 MHz detail of Figure 51.




