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In the context of UWB radio development, it is imperative to be able to measure the power of UWB signals, and verify that the power level is compliant with the regulators' rules. We will show, in both average and peak cases, how to measure the power with a spectrum analyzer and with Matlab. It is also very important to have a signal model which can be tuned according to the system parameters. In this contribution, we propose a pulse model, and two main algorithms enabling power measurements.

Section 1 presents the pulse model, section 2 describes the power measurement algorithms while section 3 contains all the Matlab codes.

Signal model

Pulse shape

This section presents a simple analytical derivation based on a Gaussian windowed sine function that enables to tie the time domain signal with its Power Spectral Density (PSD). Accordingly, the pulse shape can be tuned as a function of few system parameters, such as the PRP, the signal Bandwidth or FCC limits.

· Signal temporal waveform
The pulse, p(t), with a PSD centered on a frequency fc and with temporal amplitude Vmax can be expressed as:
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Where ( is a constant calculated in (8)

· Normal Fourier Transform

At first, the Fourier Transform of p(t) can be expressed as:
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( 2 )
· Energy and Power Spectral Densities

Since the pulse has a finite temporal spread time, we can evaluate the Energy Spectral Density (ESD) as:
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( 3 )
Then, taking into account the antenna characteristic impedance R (e.g. 50 (), it is possible to calculate this ESD in J/Hz as:
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( 4 )
The Power Spectral Density is the ESD divided by the average repetition time PRP (pulse repetition period):
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( 5 )
It is worth noting that the FCC regulation mask is defined only for positive frequency components. Hence, the right side ((f) of the PSD, as a result of power conservation, can be expressed as:
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with 
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( 7 )
In order to simplify the previous expression, we define the two constants:
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where B is the signal bandwidth and ( a constant which enables to define this bandwidth @ 'k' (k = -10 dB for indoor UWB systems and –20 dB for hand held UWB systems). 

The corresponding simplified expression, then becomes:
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( 9 )
· Constants expression:

Following the definition of k, the PSD can be written as:
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( 10 )
Where the notation …|dB is adopted for 10.log10(…).

Hence, it is possible to calculate ( as a function of k:
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( 11 )
The maximum of the PSD, which is positioned at fc is actually limited by the FCC mask. 
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( 12 )
It is so possible to calculate the temporal impulse amplitude directly as a function of B, PRP and FCC values (in dBm / MHz):
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( is the temporal decrease of the exponential, calculated in (8)

Figure 1 shows an example of designed pulse in the time domain, and its PSD. Figure 2, on the other hand, shows the PSD of several pulses with different bandwidths, and their maximum amplitude, as a function of the PRP.
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Figure 1: example of Gaussian impulse based on windowed sine, with its PSD plotted in the FCC mask.
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Figure 2: Different pulses PSD with the corresponding max amplitude as a function of PRP.

· Transmitted Power:
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The maximum average radiated power in a bandwidth B is Pmask = A.B. The power loss, due to the exponential shape instead of a square shape, is:
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Typically, for k = -10dB, the power loss would be – 2.33 dB.

A Matlab function describing this model is available in Appendix.

Non-dithered Signal

Considering a basic scheme where pulses are generated repeatedly at a rate PRF (=1/PRP), without any modulation nor PN-code, the transmitted signal can be simply expressed as:
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Where ( denotes the Dirac delta distribution and <*> the convolution product. Thus, we can express the Fourier transform of s(t) as:
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( 17 )
Where PRF = 1/PRP


The resulting PSD is:
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( 18 )
where ((f) is the pulse PSD calculated in (9). In the last expression, there appear spectral rays, which can be related to the temporal repetition PRP.

Power Measurements

Spectrum Analyzer

When a spectrum analyzer is used, new parameters are introduced in the PSD calculation: The video integration time (Tv) over which the signal power is integrated, and the resolution bandwidth (RBW) over which the PSD is integrated. A spectrum analyzer can be schematically represented as in Figure 3 ([2] :
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Figure 3: Spectrum analyzer synoptic

Finally, the FCC provided several recommendations concerning the analyzer settings:

· Average Measurement: RBW = 1MHz and 1ms (max) video integration time.
· Peak Measurement: RBW between 1MHz and 50MHz and Video Bandwidth VBW bigger than 3MHz

Average Power Measurement

Definition

The average transmitted power measured with a spectrum analyzer under FCC recommendations can be expressed as:
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( 19 )
where Tv is the video integration time, which can be 1ms (or less) according to FCC rules, f0 the center frequency of the band pass filter (RBW), and x(t) the signal coming from an envelope detector.

When assuming a perfect band-pass filter with normalized energy, x(t) can be written as:
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where W(f) represents the Fourier Transform of w(t) and (B(f-fc) denotes a B-wide frequency window centered on fc.(perfect BPF).

Moreover, since x(t) is real and averaged only on a finite temporal window, (19) can be rewritten in order to show the energy spectral density, then the Parseval identity can be introduced to carry out the calculation of Pa:
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where (Tv(t) denotes the temporal integration window. When calculating the Fourier Transform of the right side of equation (21) and incorporating the filter shape of (20), the average power becomes:
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where sinc(x) = sin((x)/((x).  

If we consider that 1/Tv << RBW, we can assume that: 
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The measured average power can be expressed as:
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Non-dithered signals case
The average radiated power can be carried out for the non-dithered signals, because we can calculate their Fourier transform (performed above). Using S(f) calculated in (17), the measured average power becomes:
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( 25 )
Note that the units of P(f) and Pa are respectively V/Hz and V² . Finally, dividing (24) by the antenna characteristic impedance R, and introducing the expression of the pulse PSD, Pa can be expressed as (in W):
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( 26 )
With ((f) the pulse PSD calculated in (9).

Before drawing any conclusion about the average measurement, two distinct cases must be considered, namely:
· RBW < PRF

In that case, one (or zero) PSD ray is present in one RBW-wide frequency window, and (26) can be rewritten as:
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The measured average power, when represented as a function of f0 can be viewed as “discrete” and PSD rays are “resolved” by the spectrum analyzer. In that case, the transmitted signal has to be dithered (PN-code, modulation) and/or attenuated in order to be compliant with the FCC mask.

· RBW > PRF

In the second scheme, up to RBW/PRF rays are statistically integrated in a RBW-wide frequency window and (26) becomes:
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Contrary to the previous case, the average power as a function of f0 is continuous now, and for RBW = 1MHz, Pa(f0) fits perfectly to the pulse PSD expressed in W/MHz. Hence, no dithering is required, but the peak power limit must be taken into account.

Matlab Algorithms

· As a first approach, it is possible to simulate the spectrum analyzer behavior, by sweeping the center frequency of a RBW-wide BPF, and integrating the output over a video integration time (19). Such an algorithm is far to be optimal, because it requires a lot of filtering operations and a huge number of iterations to obtain a good frequency resolution. (See AverageMeasurement_Slow.m - Appendix)

· Now, by using equation (21), a very simple algorithm can be implemented in order to simulate the average power measurement:
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As main limitation, though, this algorithm takes only the first Tv temporal window into account. See AverageMeasurement.m in Appendix.
Simulation Results

The Matlab code used to plot the following curves is provided in Appendix.
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Figure 4: Example of average power measurement performed with the AverageMeasurement and AverageMeasurement_Slow functions. The measured signal has a 100MHz PRF, with no dithering nor modulation. As expected, Pa(f0) is composed by rays, with amplitudes PRF.((f0)
 (i.e. -41.3+10log10(PRF|MHz) as calculated in (27).
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Figure 5: Example of average power measurement performed with the AverageMeasurement and AverageMeasurement_Slow functions. The measured signal has a 100kHz PRF, with no dithering nor modulation. As expected, Pa(f0)  is a continous signal, with amplitude RBW.((f0) 
(i.e. -41.3+10log10(RBW|MHz) as calculated in (28).

Figure 4 and Figure 5 show that the two algorithms do not provide exactly the same results. Indeed, the BPF used in algo1 is a Butterworth (order 2) whereas it is an ideal one in the second algorithm. The integrated power clearly depends on the band pass filter, but the difference is not very significant (<0.5dB). This is not visible any more whenever PRF becomes larger than RBW, in other words, when only one ray can be integrated in the BPF. 

Peak Power Measurements

The second measurement scheme is applied around the frequency fM at which the maximal energy is radiated. The peak limit can be expressed as:
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Where v(t) is the video filter and x(t) denotes the result of filtering s(t) by a RBW filter with center frequency f. This can be simulated by using the following algorithm:
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The corresponding Matlab code is provided in Appendix.
Simulation Results

The following simulations were performed with the same signal as in 0 (non dithered signal – in the [3.1 – 5.1] GHz bandwidth). The function that was used to obtain the following plots is provided in Appendix. The video frequency VBW is 50MHz.
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Figure 6: Example of peak power measurement performed with the provided routine, on a non-dithered signal. 
The left curve was obtained by using a 4th order Butterworth for the resolution bandwidth BPF, and a 2nd order one for the right curve.
Figure 6 shows that the peak power measurement highly depends on the RBW band pass filter. In the following simulation results, a 4th order was kept.
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Figure 7: Frequency at which the highest power was radiated, and used for the peak measurement.
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Figure 8: Summarized Average and peak measurements, and representation of the peak to average ratio.

[image: image41.emf]10

-2

10

-1

10

0

10

1

10

2

-10

0

10

20

30

40

50

60

Peak in a specific RBW to Average Ratio

Peak To Average Ratio [dB]

(Average based on 1 MHz RBW)

PRF [MHz]

1MHz - Non-Dithered

1MHz - Dithered

3MHz - Non-Dithered

3MHz - Dithered

50MHz - Non-Dithered

50MHz - Dithered


Figure 9: Peak in a specific RBW to Average ratio 

Appendix

GausPulse.m

% [t, pulse] = GausPulse(resolution, Fc, BW, PRP, R, FCC, k)
%
% this function generates a gauss windowed sine UWB pulse, with :
%  resolution : temporal resolution in s
%  center frequency and BW in Hz  
%  R   : R antenna impedance in Ohms (default value is R   =  50   )
%  FCC : FCC limit in dBm/MHz        (default value is FCC = -41.3 )
%  k   : PSD attenuation @ k dB      (default value is k   = -10   )
%
%
% author : samuel.dubouloz@cea.fr – CEA-LETI – April, 2004
%
function [t, pulse] = GausPulse(resolution, Fc, BW, PRP, R, FCC, k)
if(nargin == 4), k = -10; FCC = -41.3; R = 50; end 
if(nargin == 5), k = -10; FCC = -41.3; end
if(nargin == 6), k = -10; end
alpha = 1 / ( 2*sqrt(-log(10^(k/10))) );
Tau   = 1/(alpha*BW*sqrt(2)*pi);
Vmax  = sqrt(2*R*PRP*10^((FCC-90)/10))/(Tau*sqrt(pi));
t =[-5*Tau:resolution:5*Tau];
pulse = Vmax * sin(2*pi*Fc*t).*exp(-(t./Tau).^2);
AverageMeasurement_Slow.m

% function [Freq, AvPowerdBm] = AverageMeasurement_Slow(Signal, Resolution, Fstart, Fstop, Fstep, Tvideo, RBW, R)
% 
% This function provides the average measurement as performed by a spectrum
% analyzer. It is slow, but exact.
% The FCC requirements are RBW = 1MHz and Video Integration Time
% < 1ms
%   Resolution : temporal resolution of Signal    [s] 
%   Tvideo     : Video Integration Time           [s]
%   RBW        : Resolution Bandwidth             [Hz]
%   R          : Characteristic Antenna Impedance [OHm]
%
% Author: samuel.dubouloz@cea.fr – CEA-LETI – May 2005
% 
function [Freq, AvPowerdBm] = AverageMeasurement_Slow(Signal, Resolution, Fstart, Fstop, Fstep, Tvideo, RBW, R)
if nargin < 5, error('required parameters are missing'),
elseif nargin == 5, R = 50; RBW = 1e6; Tvideo = 1e-3;
elseif nargin == 6, R = 50; RBW = 1e6;
elseif nargin == 7, R = 50; end
if(RBW ~= 1e6 || Tvideo > 1e-3), warning('!!! non FCC compliant conditions !!! '), end
N = round(Tvideo/Resolution);
if length(Signal) < N, error('Signal Duration < Video Integration Time !'), end
Freq = Fstart:Fstep:Fstop;
ww = waitbar(0,'Average Power Measurement - Please Wait...');
for ii = 1:length(Freq),
    waitbar(ii/length(Freq),ww);
    % RBW filter 
    LowFreq = 2 * Resolution * (Freq(ii) - RBW/2);
    UpFreq  = 2 * Resolution * (Freq(ii) + RBW/2);
    [num, den] = butter(2, [LowFreq UpFreq]);
    % Signal Filtering
    FilteredSignal = filter(num, den, Signal);
    % Integration of Signal over Tvideo
    Measure = 1/(Tvideo) * sum(FilteredSignal(1:N).^2)*Resolution;
    clear FilteredSignal;
    % Conversion in dBm
    AvPowerdBm(ii) = 10*log10(Measure/R) + 30;  
end
close(ww)
AverageMeasurement.m

% function [Freq, AvPowerdBm] = AverageMeasurement(Signal, Resolution, Tvideo, RBW, R)
% 
% This function performs the average measurement of signal. The FCC
% requirements are RBW = 1MHz and Video Integration Time <= 1ms
%
%   Resolution : temporal resolution of Signal    [s] 
%   Tvideo     : Video Integration Time           [s]
%   RBW        : Resolution Bandwidth             [Hz]
%   R          : Characteristic Antenna Impedance [OHm]
%
%
% Author: samuel.dubouloz@cea.fr – CEA-LETI – May 2005
% 
function [Freq, AvPowerdBm] = AverageMeasurement(Signal, Resolution, Tvideo, RBW, R)
% Default values, Warning and Error Management
if nargin < 2, error('the temporal resolution is required')
elseif nargin == 2, R = 50; RBW = 1e6; Tvideo = 1e-3;
elseif nargin == 3, R = 50; RBW = 1e6;
elseif nargin == 4, R = 50; end
if(RBW ~= 1e6 || Tvideo > 1e-3), warning('!!! non FCC compliant conditions !!! '), end
% Useful constants
dt = Resolution;
df = 1/(N*dt);
N = round(Tvideo/Resolution);
if length(Signal) < N, error('Signal Duration < Video Integration Time'), end
% Frequency Axis
Freq = (0:1/N:(N-1)/(2*N))/dt;
% Multipling Signal by a Tvideo wide window
Signal = Signal(1:N);
% Fourier Tranform
SignalFT = fft(Signal)*dt;
SignalPSD = abs(sqrt(2)*SignalFT(1:end/2)).^2;
clear Signal SignalFT
% Slipping Integration with a RBW wide frequency window
lenRBW = round(RBW/df);
Measure = 1/(Tvideo) * conv(abs(SignalFT).^2, ones(1,lenRBW))*df; 
clear SignalPSD
% Measure in V²
Measure = Measure(lenRBW/2:end-lenRBW/2);
% Measure in dBm
AvPowerdBm = 10*log10(1/R * Measure) + 30;
Test_AverageMeasurement.m

%
% Average Measurement, Test routine
%
% author: samuel.dubouloz@cea.fr – CEA-LETI – May, 2005
%
%% Initialization
% Signal parameters
Tres   = 50e-12;   % Temporal resolution              [s]
BW     = 2e9;      % Signal Bandwidth                 [Hz]
Fc     = 4.1e9;    % Signal center frequency          [Hz]
PRF    = 0.1e6;     % Pulse Repetition Frequency        [Hz]
PRP    = 1/PRF;    % Mean Pulse Repetition Periode    [s]
% Spectrum Analyzer Parameters
RBW    = 1e6;      % Resolution BandWidth             [Hz]
Tvideo = .2e-3;    % Video Integration Time (average) [s]
VBW    =  3e6;     % Video Bandwidth (peak meas)      [Hz]
% If the slow measurement algorithm is used :
% Frequency range of measurement
Fstart = Fc/2;
Fstop  = Fc+Fc/2;
Fstep  = 100e6;
%% Signal Generation
[t,pulse]                     = GausPulse(Tres, Fc, BW, PRP);
NbPulse                       = round(1.1*Tvideo/PRP);
Signal                        = zeros(1,round(NbPulse*PRP/Tres));
Signal(1:round(PRP/Tres):end) = 1;
Signal                        = conv(Signal,pulse);
%% Power Measurements
% Average measurement with Spectrum Analyzer Algorithm (very slow)
% [Freq, AvPowerdBm] = AverageMeasurement_Slow(Signal, Tres, Fstart, Fstop, Fstep, Tvideo)
% Average measurement with the PSD calculation
[Freq, AvPowerdBm] = AverageMeasurement(Signal, Tres, Tvideo, RBW);
%% Plots
FCC = FCC_ETSI_mask(Freq);
figure
plot(Freq(1:end)/1e9, AvPowerdBm(1:end), Freq(1:end)/1e9, FCC(1:end),'r'), grid
axis([0 6 -100 -10]), title(['Average Power Measurement - PRF = ' num2str(PRF/1e6) ' MHz'])
xlabel('Frequency [GHz]'), ylabel('Power in dBm/MHz')
PeakMeasurement.m

% function [PkPower_dBm, Fmax, Measure] = PeakMeasurement(Signal, Resolution, VBW, RBW, R)
%
% This function provides the Peak measurement as performed by a spectrum
% analyzer. The FCC requirements are 1MHz < RBW < 50MHz and VBW >= 3MHz
%   Resolution : temporal resolution of Signal    [s]
%   VBW        : Video Bandwidth                  [Hz]
%   RBW        : Resolution Bandwidth             [Hz]
%   R          : Characteristic Antenna Impedance [OHm]
%
% 'PkPower_dBm' is the max of the performed measurements, 'Fmax' is the
% corresponding frequency.
% 
% Author: samuel.dubouloz@cea.fr – CEA-LETI – June 2005
%
function [PkPower_dBm, Fmax] = PeakMeasurement(Signal, Resolution, VBW, RBW, R)
%% Default values, Warning and Error Management
if nargin < 2, error('some paramters are missing')
elseif nargin == 2, R = 50; VBW = 5e6; RBW = 3e6;
elseif nargin == 3, R = 50; VBW = 5e6;
elseif nargin == 4, R = 50; end
if(RBW ~= 3e6 || VBW < 3e6), warning('!!! non FCC compliant conditions !!! '), end
if(VBW < RBW), warning('!!! The VBW should be lower than RBW !!!'), end
%% Research of Fmax
dt = Resolution;
N = length(Signal);
PsdSig = abs(fft(Signal)*dt).^2;
PsdSig = PsdSig(1:round(end/2));
Freq = (0:1/N:(N-1)/(2*N))/dt;
Fmax = Freq(PsdSig == max(PsdSig));
clear PsdSig Freq
%% RBW Filtering (Band Pass Filter)
LowFreq = 2 * dt * (Fmax - RBW/2);
UpFreq  = 2 * dt * (Fmax + RBW/2);
[num, den] = butter(2, [LowFreq UpFreq]);
RBW_Signal = filter(num, den, Signal);
%% VBW filtering (Low Pass Filter)
upper_freq = 2 * dt * VBW;
[num, den] = butter(2, upper_freq,'low');
VBW_Signal = filter(num, den, abs(RBW_Signal).^2);
clear RBW_Signal
%% Power Calculation
Ppk = max(VBW_Signal)/R;
PkPower_dBm = 10*log10(Ppk)+30;
Test_PeakMeasurement.m

%
% Average Measurement, Test routine
%
% author: samuel.dubouloz@cea.fr – CEA-LETI – May, 2005
%
clear all,
close all,
clc
%% Signal parameters
dithering   = 0;        % 1 -> dithering, 0 -> no dithering
Tres        = 50e-12;   % Temporal resolution              [s]
BW          = 2e9;      % Signal Bandwidth                 [Hz]
Fc          = 4.1e9;    % Signal center frequency          [Hz]
SigDuration = .05e-3;   % Video Integration Time (average) [s]
PRF         = logspace(-2,2,41)*1e6; %                     [Hz]
%% Spectrum Analyzer Parameters
RBW         = 3e6;     % Resolution BandWidth             [Hz]
VBW         = 50e6;     % Video Bandwidth (peak meas)      [Hz]
%% Power Limits
AvLimit     = repmat(-41.3, 1, length(PRF));
PkLimit     = repmat(20*log10(RBW/50e6), 1, length(PRF));
%% Average Power (over a 1MHz Bandwidth)
if dithering
    Pa(PRF>0) = -41.3; % Assuming Perfect Dithering
else
    Pa = -41.3 + 10*log10(PRF/1e6);
    Pa(PRF < 1e6) = -41.3;
end
%% Peak Measurement
ww = waitbar(0,'peak measurement...');
for ii = 1:length(PRF),
    tic
    waitbar(ii/length(PRF),ww);
    PRP = 1/PRF(ii);
    % Pulse generation
    [t,pulse] = GausPulse(Tres, Fc, BW, PRP);
    % Signal generation
    NbPulse = ceil(SigDuration/PRP);
    Signal  = zeros(1,round(NbPulse*PRP/Tres));
    index   = 1:round(PRP/Tres):length(Signal);
    if dithering & length(index)>2,
        % Random Position (TH)
        index = index + round(rand(1,length(index)) * (index(2) - index(1)));
        % Random Polarity
        Signal(index) = sign(randn(1,length(index)));
    else
        Signal(index) = 1;
    end
    Signal = conv(Signal,pulse);
    % Peak Power Measurement
    [Pp(ii), FM(ii)] = PeakMeasurement(Signal, Tres, VBW, RBW);
    toc
end
close(ww)
%% Plots
figure(1),
subplot(2,2,1)
semilogx(PRF/1e6, Pa, PRF/1e6, AvLimit, 'r--' );
title('Average Power'), ylabel('[dBm]'), xlabel('PRF [MHz]'), grid
subplot(2,2,2)
semilogx(PRF/1e6, Pp, PRF/1e6, PkLimit, 'r--' );
title('Peak Power'), ylabel('[dBm]'), xlabel('PRF [MHz]'), grid
subplot(2,2,3:4)
semilogx(PRF/1e6, Pp-Pa);
title(['Peak to Average Ratio - RBW = ' num2str(RBW/1e6) 'MHz']),
ylabel('[dB]'), xlabel('PRF [MHz]'), grid
figure(2)
semilogx(PRF/1e6, Pp, PRF/1e6, PkLimit, 'r--' );
title(['Peak Power - RBW = ' num2str(RBW/1e6) 'MHz']), ylabel('[dBm]'), xlabel('PRF [MHz]'), grid
legend('Peak Measurement', 'FCC Limit')
figure(3),
semilogx(PRF/1e6, FM/1e9);
title(['F_M vs. PRF ']), grid
xlabel('PRF [MHz]'), ylabel('F_M [GHz]');
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