Comparison of the Normalized Maximum Field Strength using E‑field Probe and VNA Methods in a Reverberation Chamber
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[bookmark: OLE_LINK40][bookmark: OLE_LINK41][bookmark: OLE_LINK1][bookmark: OLE_LINK2]Abstract-We report a comparative study on the maximum field strength in a reverberation chamber using a vector network analyzer (VNA) and a field probe. The measurements are performed in a reverberation chamber with a lowest usable frequency around 80 MHz. The time domain (inverse Fourier transform) and frequency domain methods are adopted in the VNA measurements. Measurement results show that these methods agree well with each other with reasonable differences. The field uniformity is also given. Discussion on different methods is finally summarized which shows that the VNA based measurements can collect more samples and reduce the overall uncertainty.          [image: ]
Figure 1. The definition of the radiation efficiency , where  is the input power at the port of the antenna,  is the reflected power, and  is the net radiated power.
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In practice, the electric field (E-field) inside an RC has to be quantified for a required input power, i.e. the chamber transfer function needs to be known [1-10]. In the radiated susceptibility (RS) test for automobile industry [2], we focus on the maximum field strength the RC can provide and the corresponding input power has to be determined. Although only the electric field probe method is documented for the RC validation in the IEC standard [1], alternative methods can be applied.
In this letter, we compare the results obtained by using a vector network analyzer (VNA) and an electric field probe. When using a VNA, two methods are applied, the time domain (TD) method and the frequency domain (FD) method. Although these three methods have equivalencies in theory [11-13], there are differences which should be noted in practice: 1) the loss of the transmitting (Tx) antenna and the receiving (Rx) antenna (including the mismatch and the radiation efficiency); 2) the inherent statistical variation of the measured results. If the loss of the Tx and/or Rx antenna are/is not corrected, systematic errors occur and the measured E-field would be higher or lower than the real value. Another aspect is that the RC is a statistical environment, but finite samples are used in measurements, this would lead statistical variations of the measured E-field (or required input power). We give the theory first and detail the measurement results and discussion.

[bookmark: tableCaptions]Theory
Considering the radiation efficiency and the mismatch of the Tx and Rx antenna, the chamber transfer function is defined according to the IEC standard [1]



where ,  and  are the S-parameters measured by the VNA for each stirrer position,  means the average over different stirrer or antenna  positions, and  represents the radiation efficiency of the Tx or Rx antenna. The definition of the radiation efficiency of the antenna is illustrated in Fig. 1. The ‘total efficiency’ includes the mismatch and radiation efficiency of the antenna, when the RC is well-stirred [14, 15] we have  and , where  means the reflection coefficient of an antenna measured in free space (or in a anechoic chamber). In a well-stirred RC [1-6]



where  is the wavelength and  is the RC volume. The E-field in a well-stirred RC for a received power of  can be obtained as [10]


From (2)-(3), and applying  where  is the total efficiency of the Rx antenna,  is the net input power of the RC, thus the E-field can be related to  as[image: ]  [image: ]                                 
(a)                                                 (b)
Figure 2. (a) RC calibration using a Tx antenna and a field probe (field probe based method), the Tx antenna is located at the top-left corner in the RC which is not shown in the figure, (b) RC calibration using two pairs of biconical antennas, LPDAs and horn antennas (VNA based method). The dimensions of the RC are 10.8 m × 12.6 m × 6 m.
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Figure 3. A comparison of the maximum E-fields obtained from the field probe, the TD method and the FD method using VNA, the upper bound is also given. The E-field magnitude is normalized to 1 W input power.






From (4), the E-field is related to the Q factor of a well-stirred RC, and the Q factor depends on the total loss in an RC. If we consider all the losses in the RC as an equivalent average absorption cross section (ACS), we have [3]



where  represents the equivalent average ACS including all the losses from the cavity walls, loading objects, aperture leakage and the ACS of antennas. 
From the theory we can expect: 
1) If the validation is performed using a field probe, the results actually depend on the Tx antenna, because the net input power  depends on the antenna performance. If a different antenna is used, the RC needs to be revalidated or the total efficiency of the antenna has to be quantified;
2) If the validation is performed using a VNA, the Q factor can be measured very accurately, the results can give theoretical values which are independent of antenna performance (when the ACS of antennas does not dominate the total loss in an RC). 

Measurement Results
The measurement scenarios are illustrated in Fig. 2. In Fig. 2(a), the RC validation was performed using a field probe and a Tx antenna. A log-periodic dipole antenna (LPDA) was used for frequencies below 1 GHz and a horn antenna was used for frequencies above 1 GHz (not shown in Fig. 2(a)); In Fig. 2(b), the RC validation was performed using two pairs of biconical antennas, LPDA and horn antennas which cover the whole frequency band. In Fig. 2(a), a monitor antenna was also used to observe the received power [1].
For the field probe based method, considering the dynamic range of the field probe, 10 W input power was applied at the Tx antenna port. Actually this means the net input power was smaller than 10 W, since we have a fixed length cable connected to the Tx antenna located at the top-left corner of the RC (which can be included in the total efficiency of the Tx antenna). 9 probe positions were measured in the working volume, 16 and 10 stirrer positions were used in the frequency range of 80 MHz – 1 GHz and 1 GHz – 6 GHz, respectively, according to the standard [1, 2] or customer requirement. Since the electric field (E-field) is proportional to the square root of the input power , we normalized the measured E-field to  to obtain the normalized E-field for 1 W input power. The measured results are presented in Fig. 3, where  means the measured maximum E-fields over 16 stirrer positions were averaged over 9 probe positions with 3 polarizations (, , and ) for each position. 
 For the VNA based method, since we have measured the chamber decay time () in [16] using the TD technique, the Q factor in (4) can be obtained from  [3-6], where  is the angular frequency. In the RS measurement in an RC, the maximum E-fields are of interest. By applying (4) and considering the relationship between the expectation of the maximum value (of  independent samples) and the mean value of the E-field (rectangular component), we have [16]



where  is the speed of light in free space and



where the probability density function (PDF) of  (the maximum E-field over  independent samples) is [10]



We have  and . Since we have assessed the independent sample number [1] for the stirrer positions, 10 and 16 are good estimations. When , the results calculated from (6) are plotted in Fig. 3 marked as ‘TD’. 
As we have calibrated the reference planes of S-parameters to the input port of antennas, the FD results can be used directly if the radiation efficiency of Tx and Rx antennas is ignored (by setting  in (1)). From (1) and (3),  and  were used for  in the corresponding frequency range. The estimated E-field is shown in Fig. 3 marked with ‘FD’. Because a balun was used to match the biconical antenna, the radiation efficiency of the biconical antenna is lower than the LPDA in the overlapped frequency range (200 MHz – 400 MHz). 
The theoretical upper bound of the E-field is also given for  in Fig. 3 marked with ‘Upper bound’. This value is obtained by considering only the ACS of the Tx antenna, i.e. no extra loss except the antenna ACS in an RC. The ACS of an ideal antenna (perfectly matched, 100% radiation efficiency) is  [3], and the Q factor contributed from the ACS of the antenna is  which is the upper bound of the Q factor. From (4) and (6), we can obtain the upper bound for the maximum E-field when 



Although the equation of the upper bound E-field is based on the well-stirred condition of an RC and the RC is not well-stirred at low frequencies, we can still use it as an estimated value but not a practical maximum value at a specific position. Similarly, the E-field measured for frequencies lower than 80 MHz in ‘FD Biconical’ can be understood in the same way.

Discussion
The Q factor measurement has been well understood in the TD and FD measurements in [11]:



where  and  are the Q factor of the RC measured in the FD and TD, respectively,  means the mismatch of antennas has been corrected,  and  are the radiation efficiency of the Tx and Rx antenna used in the ‘FD VNA’ measurement, respectively. The Q factor can also be measured using the one- or two-antenna method in [17-19].
The Q factor measured in the TD () is not affected by the insertion loss of antennas and cables, which can be considered as the inherent property of the chamber itself. Although  includes the contribution of ACS of both Tx and Rx antennas, the ACS of Rx antenna does not dominate the total loss in an RC (especially for a loaded RC), and the load effect of the Rx antenna can be ignored. Since the results are not affected by the total efficiency of the Tx antenna, the estimated E-field will be slightly higher than that obtained from the field probe (which can be observed in Fig. 3). The ratio of these differences is , where  is the total efficiency of the Tx antenna used in E-field probe measurement:



The TD method does not require VNA calibration [20], and the dynamic range of  can be increased by using a power amplifier, because we are only interested in the decay speed of the TD response (not the absolute value). 
The field probe based method is a direct method and can be used as final results for the RC validation, but the measurement process is time consuming and the measured results depend on the efficiency of Tx antenna. If a different Tx antenna is used, the RC has to be revalidated again (or the total efficiency of Tx antenna has already been quantified). The field probe based method also suffers from statistical fluctuation because of limited independent sample numbers, especially at low frequencies in Fig. 3. To reduce this fluctuation, more independent samples are required, which means that the stirring strategy needs to be hybridized (e.g. to include the source stir technique [21]). To reduce the measurement time, many field probes can be used simultaneously [22, 23].
The principle of the FD method (FD VNA results in Fig. 3) is actually the same as the probe based method, but the results include the radiation efficiency of Rx antenna. This method also requires two-port VNA calibration which could introduce extra uncertainties at high frequencies (because of the movement of long cables in the RC). Compared with the TD VNA based method, we haveTABLE I
Pros and Cons of Different Validation Methods 
(E-field@1 W input power)
Method
Pros
Cons
TD VNA
a) Low statistical fluctuation;
b) Fast, single Tx and Rx antenna position;
c) Independent of antenna performance;
d) VNA calibration is not necessary;
e) Dynamic range can be improved using a power amplifier.
a) Gives slightly higher values (not affected by the efficiency of the Tx antenna);
b) Not suitable for non-exponential power delay profile (PDP) decay at low frequencies (below LUF).
Field Probe
a) Directive and intuitive.
a) Tx antenna dependent;
b) Require many probe positions;
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]c) Low dynamic range.
FD VNA
a) Fast, single Tx and Rx antenna positions.
a) Gives slightly lower values (affected by the efficiency of the Rx antenna);
b) Tx and Rx antenna dependent;
c) VNA calibration required.







From (11) and (12),  can be solved as



where ,  and  are the validated E-fields (normalized to 1 W input power) obtained by using the probe based method, TD VNA based method and the FD based VNA method, respectively.
[bookmark: OLE_LINK3]We need to note that the TD VNA based method is based on a well-stirred RC, when the RC is not well-stirred, or the working frequency is below the LUF, this method cannot be used (because the PDP does not decay exponentially [24] and the extracted  is not accurate). Table I gives typical pros and cons of these three methods. It is interesting to note that if an RC is well characterized, it can be used in a reverse way to calibrate the field probe [25, 26]. The relative uncertainties for the three methods are summarized in Table II. Note that the E-field obtained by the ‘TD VNA’ method is actually derived from theoretical equations; the uncertainty is only affected by the chamber decay constant [27] which is quite small. For the FD methods, the uncertainties are dominated by the finite samples averaged.
There are other methods sharing the same theory using an oscilloscope/spectrum analyzer [9, 28] or only one antenna [17-19, 29]. The dynamic range of an oscilloscope could be lower than the VNA, and the one-antenna method requires VNA calibration (in which  has low dynamic range at high frequencies [30]). Alternative methods (including the methods in this letter) have also been proposed in Q factor or LUF estimation [29, 31, 32], which could also be applied in the industry. [image: ]
(a)
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(b)
Figure 4. (a) FU measurement positions, two heights were used with 0.5 m and 2.5 m, the height of the center point was 1.5 m; (b) measured FU from the VNA and the field probe, the upper bound (thick line) is the limit in the standard IEC 61000-4-21 [1].


The field uniformity (FU) in the sense of the IEC procedure has been measured by using two methods [5], the measured results from the VNA and the field probe are given in Fig. 4. 27 maximum samples (3 polarizations, 9 probe positions) were used to calculate the FU. It can be seen in Fig. 4 that the results from the VNA method give lower FU values and smaller statistical fluctuation; this should be due to the 100 stirrer positions used but not the VNA or the field probe method. 
TABLE II
Estimated Uncertainties for the Three Methods
Method
Estimated Uncertainty
Main Contribution
TD VNA
~ ±1.6% for N=10
~ ±1.3% for N=16
Estimated from (6), dominated by the decay constant .
Field Probe
~ ±25% 
For the maximum value averaged over 9 probe positionsⅹ3 polarizations.
a) Dominated by the finite sample number collected N=27: ~ ±19%. 
b) Affected by the uncertainty of the field probe: ~ ±6% (from datasheet).
FD VNA
~ ±19%
Dominated by the finite sample number collected.



Conclusions
We have demonstrated an experimental comparison of reverberation chamber calibration in the sense of the IEC procedure using different methods. The results agree well with the theory; pros and cons among these methods are discussed, the measurement uncertainties are also estimated.
The TD VNA based method describes the inherent properties of the RC itself, but requires much work of data post-processing (e.g. the inverse Fourier transform), the field probe based method and the FD VNA based methods are very similar, but a calibrated E-field probe can give direct readings while FD VNA based method is affected by the radiation efficiency of the Rx antenna. The relationships among the results validated using the three methods have been given. We should keep in mind that the differences among the three methods are due to the radiation or total efficiency of Tx and/or Rx antennas, once the antenna efficiency is quantified [11-13], the system error can be corrected.
If the antenna efficiency is known, because the TD method converges faster than the FD method [19, 27] for the same sample number, the TD VNA method has the smallest uncertainty while the other two methods (FD VNA and field probe method) have similar uncertainties in theory (when frequency stirring technique is not applied). Note that in practice the uncertainty of a field probe is higher than a VNA and the VNA based methods can collect more samples efficiently and give smaller uncertainties.
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