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Abstract—This paper presents some theoretical modeling and 

analysis of traceable peak envelope power measurements for 

mobile communications. Double Sideband Large Carrier (DSB-

LC) amplitude modulation has been used, for establishing the 

measurement traceability to primary RF power standard. In this 

work, the reference peak envelope power calculated from 

modulation index and reference average power is used in 

calibrations. This is followed by performance comparison of the 

proposed model with detailed uncertainty analysis. 
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I.  INTRODUCTION 

Precision and traceable power measurements are important 
for mobile communications in order to achieve best possible 
performance, where requirements of peak envelope power 
(PEP) measurements are increasing [1-3]. Typically PEP is 
measured using a peak power sensor whose calibration is 
performed in time domain and traceable to the pulse parameter 
standards using a sampling oscilloscope [2]. 

This type of calibration becomes challenge and costly for 
new generation telecommunication services such as 4 G and 
upcoming 5 G communications. This is because higher 
frequency implemented in new generation services requires the 
oscilloscope to have a wider bandwidth and larger memory for 
post-processing the peak and average powers from sampled 
signals [2-3]. Therefore, Lee et al. [3] proposed a new 
calibration method for a peak power sensor in frequency 
domain, where the peak-to-average power ratio (PAR) 
calculated from the modulation index of an amplitude 
modulation (AM) signal was adopted as the reference with 
traceability to RF and microwave power standards. 

As a continued work of RF and microwave average power 
related measurements in Singapore [4-6], we started to develop 
a traceable peak envelope power measurement and calibration 
system for the industry. In the following, theoretical analysis 
and modeling of peak envelope power measurements will be 
reported first, with establishing the measurement traceability to 
RF and microwave primary power standard, microcalorimeter. 
This is followed by performance analysis and comparison of 

the proposed model with the detailed uncertainty evaluation. 
Finally, summary of this paper will be given. 

II. THEORETICAL BACKGROUND AND MODELING 

A. DSB-LC Amplitude Modulation 

In this study, Double Sideband Large Carrier (DSB-LC) 
AM modulation is implemented for calibrating the peak power 
sensor with meter. For the carrier signal 𝑆𝑐(𝑡) = 𝐴 cos 2𝜋𝑓𝑐𝑡  
and the modulating signal 𝑓(𝑡) = 𝐴𝑚 cos 2𝜋𝑓𝑚𝑡, the DSB-LC 
AM signal 𝜙(𝑡) is defined as 

𝜙(𝑡) = [𝑓(𝑡) + 𝐴] cos 2𝜋𝑓𝑐𝑡  .                       (1)

Here, an example of a DSB-LC AM signal is shown in Fig.1 as 
a reference. 

 

Fig. 1. Example of a DSB-LC AM signal. 

As reported in [7], the modulation index 𝑚 which measures 
the degree of modulation, is defined as 

𝑚 =
𝐸𝑚𝑎𝑥 − 𝐸𝑐

𝐸𝑐

                                     (2)

Here, 𝐸𝑚𝑎𝑥 is the maximum level of modulated signal, and 𝐸𝑐 
is the amplitude of the unmodulated carrier signal as shown in 
Fig. 1. For the DSB-LC AM signal 𝜙(𝑡), 𝐸𝑚𝑎𝑥 = 𝐴𝑚 + 𝐴 and 
𝐸𝑐 =  𝐴, therefore 𝑚 = 𝐴𝑚/𝐴. 

B. Reference Peak Envelope Power 

Conventionally, RF and microwave power transfer 
standards (e.g., thermistor mount) are designed for average 
power 𝑃𝑎𝑣.𝑐𝑤 of a continuous-wave (CW) measurements only.  
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The average power 𝑃𝑎𝑣.𝑐𝑤 can be expressed by the amplitude of 
unmodulated carrier signal. That is, 

𝑃𝑎𝑣.𝑐𝑤 =
𝐸𝑐

2

2
=

𝐴2

2
 .                                  (3)

The average power 𝑃𝑎𝑣.𝐴𝑀 of AM modulated signal 𝜙(𝑡) 
can be obtained through the summation of spectrum power in 
frequency domain as 

𝑃𝑎𝑣.𝐴𝑀 =
𝐴2

2
+

𝐴𝑚
2

4
 .                                (4)

It is noted that the modulating frequency 𝑓𝑚 shall be much 
smaller than the carrier frequency 𝑓𝑐 in order to keep the 
sidebands of modulated signal within the measurement range 
of the traceable thermistor power sensor. From (4)/(3), we 
can obtain that 

𝑚 = √2 [
𝑃𝑎𝑣.𝐴𝑀

𝑃𝑎𝑣.𝑐𝑤

− 1] .                            (5)

The work in [3] has shown that the maximum value 𝑃𝑃𝐸𝑃 of 
the envelope power (i.e., peak envelope power) for the DSB-
LC AM signal is 

𝑃𝑃𝐸𝑃 =
𝐴2

2
(1 + 2𝑚 + 𝑚2) .                         (6)

From (3) and (6), the reference peak envelope power 𝑃𝑃𝐸𝑃−𝑅 of 
modulated signal 𝜙(𝑡) with traceability can be determined as 

𝑃𝑃𝐸𝑃−𝑅 = 𝑃𝑎𝑣.𝑐�̂�(1 + 2�̂� + �̂�2) .                  (7)

Here, 𝑃𝑎𝑣.𝑐�̂� and �̂� are the traceable average power of carrier 
signal and modulation index of the DSB-LC AM signal. They 
are determined through two average power measurements 

(𝑃𝑎𝑣.𝑐�̂�, 𝑃𝑎𝑣.𝐴�̂�) for the unmodulated and modulated signals, 
using a reference thermistor mount or equivalent with 
traceability to primary power standard, microcalorimeter. 

 

Fig. 2. Traceability chain of peak envelope power measurements. 

C. Correction Factor for 𝑃𝑃𝐸𝑃 Measurements 

With the reference 𝑃𝑃𝐸𝑃−𝑅, the correction factor (𝐶𝐹𝑃) for 
peak envelope power measurements can be determined as 

𝐶𝐹𝑃 =
𝑃𝑃𝐸𝑃−𝑚

𝑃𝑃𝐸𝑃−𝑅

=
𝑃𝑃𝐸𝑃−𝑚

̂

𝑃𝑎𝑣.𝑐�̂�(1 + 2�̂� + �̂�2) 
 ,           (8)

where 𝑃𝑃𝐸𝑃−𝑚
̂  is the measured peak power of the modulated 

signal using a peak power sensor with a peak power meter 
under calibration. 

It is noted that different from [3] where peak-to-average 
power ratio (𝑃𝐴𝑅) of the modulated signal is used as the 
traceable reference for 𝐶𝐹𝑃, in this paper we directly use the 
reference 𝑃𝑃𝐸𝑃−𝑅 for calibrations. 𝑃𝑃𝐸𝑃−𝑅 is traceable to 𝑃𝑎𝑣.𝑐𝑤 
and 𝑃𝑎𝑣.𝐴𝑀, and then to the primary power standard. 

III. MEASUREMENT UNCERTAINTY AND PERFORMANCE 

COMPARISON 

Fig. 2 presents the traceability chain of peak envelope 
power measurements for the calibration model (8) proposed in 
this study. It is clearly shown that the calibration of peak power 
sensor with meter can be traceable to the primary power 
standard and the sources of uncertainty are from power 
measurements. In this section, performance of the proposed 
model (8) will be evaluated using the Monte Carlo Method 
(MCM) [8] and the method following the Guide to the 
Expression of Uncertainty in Measurement (GUM) [9]. 

A. Monte Carlo Method 

To validate the proposed calibration model in (8), Monte 
Carlo Method (MCM) [8] is chosen for performance 
comparison with the reported model in [3]. Fig. 3 shows the 

simulated results with 𝑃𝑎𝑣.𝑐�̂� = - 8.0 dBm, 𝑃𝑎𝑣.𝐴�̂� = -6.8 dBm, 

and 𝑃𝑃𝐸𝑃−𝑚
̂  = -2.85 dBm at 1 GHz as reported in [3], and 

standard uncertainties for the three power measurements are 
assumed to be 0.0001 mW. Both the calibration models 
produce the same results of 𝐶𝐹𝑃 = 101.3% with an expanded 
uncertainty of 0.21% at a level of confidence of approximately 
95% using the MCM method. The reason of the equivalence 
between the two models is because they are mathematically 
equivalent essentially.  

 

Fig. 3. Simulated results using Monte Carlo Method (MCM). 

B. GUM Method 

In most of routine calibration works, the Guide to the 
Expression of Uncertainty in Measurement (GUM) is actually 
followed instead of the MCM method. The GUM method is 
relatively easy to be interpreted. According to the Law of 
Propagation of Uncertainty in the GUM [9], the combined 
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standard uncertainty 𝑢𝑐(𝑦) associated with 𝑦 can then be 
obtained from the standard uncertainties of influencing 
physical quantities (𝑥1, 𝑥2, ⋯ 𝑥𝑁) as 

𝑢𝑐(𝑦) = √∑ {
𝜕𝑦

𝜕𝑥𝑖

𝑢(𝑥𝑖)}
2

+ 2 ∑ ∑
𝜕𝑦

𝜕𝑥𝑖

𝜕𝑦

𝜕𝑥𝑗

𝑢(𝑥𝑖 , 𝑥𝑗)

𝑁

𝑗=𝑖+1

𝑁−1

𝑖=1

𝑁

𝑖=1

, 

𝑈 = 𝑘𝑢𝑐(𝑦).                                   (9) 

Here 𝑢(𝑥𝑖) is the associated standard uncertainty for 𝑖𝑡ℎ 

influencing physical quantity 𝑥𝑖. 𝑢(𝑥𝑖 , 𝑥𝑗) is the covariance 

between 𝑥𝑖 and 𝑥𝑗, and equal to 𝑟(𝑥𝑖 , 𝑥𝑗)𝑢(𝑥𝑖)𝑢(𝑥𝑗) where 

𝑟(𝑥𝑖 , 𝑥𝑗) is the correlation coefficient between 𝑥𝑖 and 𝑥𝑗. 𝑈 is 

the expanded uncertainty with a coverage factor 𝑘 for a 95% 
uncertainty coverage. 

For the proposed calibration model (8), we can get 

𝜕𝐶𝐹𝑃

𝜕𝑃𝑃𝐸𝑃−𝑚

=
𝐶𝐹𝑃

𝑃𝑃𝐸𝑃−𝑚
̂

,         
𝜕𝐶𝐹𝑃

𝜕𝑃𝑎𝑣.𝑐�̂�

=
−𝐶𝐹𝑃

𝑃𝑎𝑣.𝑐�̂�  
,  

 

𝜕𝐶𝐹𝑃

𝜕𝑚
=

−(2 + 2�̂�)𝐶𝐹𝑃

1 + 2�̂� + �̂�2 
 .                       (10) 

Due to the small sample size in practical calibrations, the 
correlation coefficient is normally inherently unreliable [10] 
and assumed to be negligible.  

For the calibration scenario in the MCM method, the 
estimated 𝐶𝐹𝑃 is 101.3% with an expanded uncertainty of 
0.32% at a level of confidence of approximately 95% using the 
GUM method. The difference of uncertainties (0.21% in the 
MCM vs 0.32% in the GUM) is highly due to the correlation 
among those influencing quantities. For example, the 

correlation coefficient between �̂� and 𝑃𝑎𝑣.𝑐�̂� is around -0.8 
from the Monte Carlo simulation, due to the relationship in (5). 

 

Fig. 4. Effect from uncertainties of the power measurements. 

C. Effect from Uncertainties of the Influencing Quantities 

The performance of the proposed calibration model (8) is 
also evaluated by varying the standard uncertainties of the 

original three influencing quantities (i.e., 𝑃𝑎𝑣.𝑐�̂�, 𝑃𝑎𝑣.𝐴�̂�, and 

𝑃𝑃𝐸𝑃−𝑚
̂ ) from 0.0001 mW to 0.002 mW. It is noted that both 

the GUM method and MCM method produce the same value 

101.3% for 𝐶𝐹𝑃 when the standard uncertainties of 𝑃𝑎𝑣.𝑐�̂�, 

𝑃𝑎𝑣.𝐴�̂�, and 𝑃𝑃𝐸𝑃−𝑚
̂  varies.  

The estimated expanded uncertainties at a level of 
confidence of approximately 95% using both the methods are 
shown in Fig. 4. From Fig. 4, it is clearly observed that the 
uncertainty of the correction factor (𝐶𝐹𝑃) for peak envelope 
power measurements will increases significantly when the 
standard uncertainties for three power measurements increase. 
Therefore, it is necessary to control the microwave power 
measurement process and its uncertainty. Moreover, the GUM 
method used in practical operations could overestimate the 
measurement uncertainty since the correlations among those 
influencing quantities are normally ignored. 

IV. SUMMARY AND FURTHER WORKS 

In this paper, we mainly reported a preliminary study of 
traceable peak envelope power measurements with theoretical 
modeling and analysis. The mathematical model for calibration 
was derived with help of the DSB-LC AM signal, and the 
measurement traceability was established to primary power 
standard, microcalorimeter.  

Moreover, performance comparison of the proposed model 
with uncertainty evaluation and analysis using the GUM and 
MCM methods was carried out. The analysis shows that 
microwave power measurement process is necessary to be 
controlled to reduce the overall uncertainty of the correction 
factor (𝐶𝐹𝑃) for peak envelope power measurements. 

The calibration model will be implemented in a practical 
system with detailed uncertainty analysis in the near future. 
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