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Abstract 
 A novel calibration method for a probe used in a standard SAR measurement system is 
examined. In our experimental model, the E-field distribution is generated by the waveguide 
aperture covered with a dielectric slab. Simulated and measured E-field distributions suggest that 
the distribution consist of not only TE10 mode but also higher modes, for example, TM12 mode.  
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1. Introduction 
 SAR (Specific Absorption Rate) of mobile communication devices is generally measured 
by inserting an electrical field probe in tissue-equivalent liquid surrounded by a shell shaped like the 
geometry of a human body. The probe has to be calibrated by relating its output voltage to the 
electrical field intensity at its position in the liquid. One of the calibration methods for the probe 
uses the tank for the tissue-equivalent liquid surrounded by the side walls of the rectangular 
waveguide and a dielectric spacer as the bottom wall [1]. This method is generally used for the SAR 
probe calibration, however, has a drawback that the effect of the diameter of the probe cannot be 
ignored as the frequency is higher because of smaller cross-sectional dimension of the waveguide. 
To overcome the difficulty, the authors have proposed an alternative calibration method for the 
probe [2]. In our proposed method, the side walls of the tank in the standard method are removed, 
however, the transition function from an air-filled waveguide to the liquid via the dielectric spacer 
can be preserved. In both methods, the electric field distribution extremely near the aperture is 
approximately given by ݔ)ࢋ, ఊ௭ି݁(ݕ , where ݔ)ࢋ,  is transverse electric field distribution at the (ݕ
waveguide aperture and ߛ is propagation constant of the tissue-equivalent liquid. 
 Experimentally to validate our proposed calibration method, we have constructed the 
waveguide aperture covered by the dielectric slab in the tissue-equivalent liquid at 5.2GHz, as 
shown in Fig. 1. The difference between theoretical and experimental models is that the former has 
no flange so that the dielectric slab is inserted into the waveguide tube as shown in Fig. 2, while the 
latter has a finite flange so that the waveguide aperture and the flange are covered with the dielectric 
slab as shown in Fig. 1, where the transverse distribution at the surface of the slab is different from 
that due to the dominant mode of the waveguide. In this paper, this difference is numerically 
examined and analyzed by decomposing the numerical E-field distribution into waveguide’s modes. 
 

2. Approximation of  Field Distribution Radiated by Waveguide Aperture 
 Fig. 2 shows a theoretical model of our proposed calibration method. The rectangular 
waveguide aperture is immersed in the phantom liquid and is separated by a dielectric slab. If the 
transverse electric field distribution on the aperture is given by TEmn/TMmn modes of the waveguide, 

,ݔ)௠௡ࢋ  (ݕ = ෝ࢟ sin ܽ௠ ቀݔ + 2ܽቁ cos ܾ௡ ൬ݕ + 2ܾ൰ , (1)

then the electrical field distribution along the ݖ axis is approximately given as 

,ݔ)௠௡ࡱ  ,ݕ (ݖ ≈ ෝ࢟ sin ܽ௠ ቀݔ + 2ܽቁ cos ܾ௡ ൬ݕ + 2ܾ൰ exp ቊ−ቆߛ + ܽ௠ଶ + ܾ௡ଶ2ߛ ቇ   ቋݖ



 
 

 
 
 

Figure 1: A waveguide aperture in the container 
filled with the tissue-equivalent liquid at 5.2GHz. 

 
Figure 2: A waveguide aperture immersed in the 

liquid used as a theoretical model. 
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Figure 3: Normalized voltage of the probe along 
the x axis. 

 
 

 							≈ ෝ࢟ sin ܽ௠ ቀݔ + 2ܽቁ cos ܾ௡ ൬ݕ + 2ܾ൰ ݁ିఊ௭ , (2)

where ܽ௠ = ܽ/ߨ݉ , ܾ௡ = ܾ/ߨ݊  and we assumed that ܽ௠ଶ + ܾ௡ଶ ≪  ଶ| for the tissue-equivalentߛ|2
liquid. In the derivation of equation (2), we use the paraxial approximation and an approximate 
formula for the complex error function, erf(ݓ) ≈ 1 − ݁ି௪మ/√ݓߨ for |ݓ| ≪ 1 [2]. As expected, the 
E-field distribution of the TE10 mode for our proposed calibration method is equal to that for the 
standard calibration method. This means that the procedure of the standard calibration method can 
also be used for our proposed calibration method. 
 

3. Measured and Simulated Field Distribution Over Waveguide Aperture 
 The electric field distribution can be measured by using a standard probe calibration system. 
The output voltage of the probe, ܸ, is proportional to the square of the electric field intensity at the  
probe’s location,  ܧଶ, so that the calibration factor can be given as CF =  ଶ. Fig. 3 shows theܧ/ܸ
distribution of the electric field intensity along the x axis on the plane of ݖ = 5mm in the liquid 
region, at 5.2GHz.  The measured range of ݕ is limited to |ݕ| ≤ −20mm. Input power into the 
waveguide is 22.0dBm and the dielectric slab (PEEK) can be assumed to be lossless and has a 
thickness of 4mm and a relative dielectric constant of 3.4. The probe and detector used are SPEAG 
EX3DV4 and DAE4, respectively. Measured relative dielectric constant and conductivity of the 
liquid (NTT-AT HT5200) at 5.2GHz are 35.58 and 4.49S/m, respectively. For |ݕ| ≤ 12mm, the 
relative errors between detected voltage and approximated voltage which is estimated based on TE10 
mode contribution are within 1% so that the electric field intensity obeys the TE10 mode, i.e., cos(ݔߨ/ܽ) near the center of the waveguide aperture. 
 Fig. 4 shows the transverse electric field distribution on the plane of ݖ = 5mm, in the range 
of |ݔ| ≤ 10mm and  |ݕ| ≤ 10mm. When initial position of the probe was shifted off the center of 
the waveguide, we could not observe the distribution due to only TE10 mode. Therefore, the field 
distribution consists of not only dominant mode but also higher modes of the waveguide. 
Rigorously, the problem cannot be decomposed into completely discrete waveguide modes, that is, 
it should be treated by using hybrid of mode expansion and spectral representation [3].  However, to 
facilitate our intuition of the problem, we simply discuss the electromagnetic behavior from the 
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Figure 4: Normalized E-field distribution at ݖ = 5mm measured by the probe system. 

 

     
(a) Theoretical Model                                     (b) Experimental Model 

Figure 5: Normalized E-field distribution at ݖ = 5mm	calculated by SEMCAD (FDTD simulator). 
 
 
viewpoint of the mode analysis in the rest of the paper. Fig. 5 shows the transverse electric field 
distribution on the plane of ݖ = 5mm for theoretical and experimental models, calculated by FDTD 
simulator. We can see that two distributions are not identical. For the theoretical model, the 
distribution is the same as the TE10 mode of the waveguide except the neighborhood of the 
waveguide walls. However, for the experimental model, the distribution is different from the TE10 
mode. This fact suggests that the latter should consist of the dominant mode and some higher modes. 
 
4. Mode Analysis 
4.1 Outline of Mode Analysis 
 To examine what modes largely contribute to forming the distribution, we introduce the 
mode analysis. We assume that the transverse electric field distribution at the surface of the 
dielectric slab, ݔ)ࡱ, ,ݕ 0), can be expanded by the modal vector function, ࢋ௟(ݔ,  for mode #݈, as ,(ݕ

,ݔ)ࡱ  ,ݕ 0) =෍ܿ௟ࢋ௟(ݔ, ௟(ݕ . (3)

By using the feature of the normalization and orthogonality of the modal vector function, the 
excitation coefficient, ܿ௟, can be given as 

 ܿ௟ = න න ,ݔ)ࡱ ,ݕ 0) ⋅ ,ݔ)௟ࢋ ௕/ଶݔ݀ݕ݀(ݕ
ି௕/ଶ

௔/ଶ
ି௔/ଶ . (4)

When the distribution is given by the simulator, we should approximate the above integral by 
double summations as 

 ܿ௟ ≈෍෍ࡱ൫ݔ௜, ,௝ݕ 0൯ ⋅ ,௜ݔ௟൫ࢋ ௝ே೤ݕ௜Δݔ௝൯Δݕ
௝ୀଵ

ேೣ
௜ୀଵ . (5)
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(a) Theoretical Model                                     (b) Experimental Model 

Figure 6: Mode decomposition of electric field distribution at ݖ = 0mm	calculated by SEMCAD. 
 
The simulated distribution is sampled at the points of (ݔ௜,  ௜ are the distances betweenݕ߂ and	௜ݔ߂ .(௝ݕ
adjacent sampling points and  ௫ܰ and ௬ܰ are numbers of sampling points in the ݔ and ݕ directions. 

4.2 Results of Mode Analysis 
 Fig. 6 shows the magnitude of the excitation coefficients for the top five modes when the 
air-filled waveguide is driven by the TE10 mode. For symmetry, TEmn/TMmn modes where ݉ is odd 
and ݊ is even would be excited. As shown in Fig. 6, TE10 mode is most excited and also TM12 and 
TM14 modes are not ignored to form the distribution in both the theoretical and experimental models. 
However, the excitation coefficients TE10 and TM12 modes are in phase for the theoretical model 
and out of phase for the experimental model so that the distribution for the experimental model are 
different from the TE10 mode. In addition, it is known that a similar configuration where an infinite 
liquid is replaced by a grounded planar dielectric slab can support the occurrence of TM12  mode [4]. 
 

5. Conclusions 
 An alternative method for calibrating the probe used in the standard SAR measurement 

system is examined. If the distribution of the electric field at the interface between the dielectric 
slab and liquid is given by TEmn/TMmn modes of the waveguide, we can find an approximate and 
closed form for the distribution in the extremely near-field region by means of the paraxial 
approximation and complex error function. For the experimental model, the distribution is different 
from the dominant TE10 mode, because of the existence of the higher modes, for example, TM12 
mode. This fact was found from the FDTD simulation and modal expansion technique. In future, we 
are going to examine the reason why the slight difference between theoretical and experimental 
models in the attenuation curve can be observed by the FDTD simulation. Also, the rigorous hybrid 
analysis of modal expansion and spectral representation should be introduced to improve our model. 
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