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Abstract


The paper establishes the unlicensed personal communications services (UPCS) product EMC compliance test principles. The test rationale and measurement techniques for evaluating the maximum transmitted power and transmission deference threshold are derived from the requirements of existing regulations. The emphasis is made on comparison of and correlation between conducted and radiated measurements performed in popular test environments: free space, GTEM cell, and OATS. The validity, scope, and limits of interchanging different measurement techniques and test facilities are addressed. Basic theoretical considerations and obtained experimental data illustrate and support the test options suggested in ANSI standard C63.17 and provide guidance in performing practical testing and experimental studies.





Introduction


The Unlicensed Personal Communication Services (UPCS) are being introduced in the markets in this country and overseas.  Presently in the United States these devices work in the 1910-1930 MHz frequency band, and as the name implies, their service introduction is free from beaurocratic and financial hurdles associated with spectrum licensing.  For this reason, wide proliferation of such systems is expected in the near future.  To permit the UPCS devices to coexist in the air with similar, as well as different, systems (e.g., licensed PCS and microwave point-to-point), a set of special requirements (“etiquette”) is imposed on their EMC -, RF-, and protocol-related characteristics.  In the USA such requirements are spelled out in Subpart D of 47 CFR Part 15 of the FCC rules. The measurement standard ANSI C63.17 [1] for compliance verification to these requirements is, as of this writing, in draft form. 


This paper addresses important issues associated with UPCS product electromagnetic compatibility (EMC) compliance testing: the measurements of maximum transmitted power and transmission deference threshold. The power parameters affect to a large degree the technical effectiveness and economical efficiency of wireless systems: cell size, coverage, interference protection and transmission quality. Hence, their accurate evaluation is crucial.


However, the UPCS product transmit power and deference threshold measurements are far from trivial. The requirements of the applicable Regulations, the potential diversity of products, the availability of numerous test techniques, the demands of the test logistics and economics, - all these factors must be considered and taken into account. In particular, the comparison and correlation of conducted vs radiated testing and different options of radiated measurements are the major issues related to the transmit power and deference threshold evaluation. In this paper, these issues are analysed and the results are used to develop the test rationale and measurement techniques for evaluating the maximum transmitted power and transmission deference threshold, based on the requirements of existing regulations.





UPCS Power Compliance Measurement


Limits and Evaluation Problems


In UPCS products the emitted power is regulated both in-band and out-of-band, while the deference threshold is monitored in-band only. In particular, in the FCC regulations the EUT transmit power PEUT  is specified at the transmit antenna terminals and must meet the limit Pig:


�EMBED Equation.3����where Pi  is allowable maximum peak transmit power, �EMBED Equation.3��� is the maximum directional gain of the EUT transmit antenna,  g is the allowable excess (or tolerance) of the EUT transmit antenna maximum gain over the gain of the isotropic antenna. 47 CFR Part 15D specifies�EMBED Equation.3���, dBm, B - bandwidth in Hz, g=3 dBi.


The minimum monitoring threshold Ti at the monitoring antenna terminals must be M dB over the thermal noise, where M depends on the UPCS system (transmission) type. In particular, the FCC Regulations specify M = 32 dB for asynchronous transmission, and 30 or 50 dB - for isochronous transmission, depending on the number of channels in the system and its working regime. The regulations apply two more conditions to the monitoring threshold limit. First, the monitoring threshold may be increased from its minimum specified value by the difference T( between the maximum permitted transmit power Pi and actual transmit power PEUT at the EUT transmit antenna terminals. Second, the EUT monitoring antenna shall provide coverage, equivalent to the EUT transmit antenna, which may result in further correction to the permitted monitoring threshold. To meet this requirement per the adopted definition [1], the monitoring system must cause deference to any secondary transmission that is in the coverage area of the EUT transmit antenna, if the secondary transmission is of sufficient strength to induce a power level in the EUT transmit antenna that exceeds the threshold criteria for the system under test measured at the transmit antenna input.


Substituting for the thermal noise level ktKB (Boltzmann’s constant k =1.38(10-23 W/oK(Hz, temperature tK in degrees oK is assumed in this case 295oK), obtain general expression for the UPCS system monitoring threshold limit, in dBm:


�EMBED Equation.3���The condition (2) must be met when the same antenna serves for the EUT transmission and monitoring, as well as for any mutual positions of the EUT transmit and monitoring antennas, if different.


It follows that the demonstration of compliance in the general case may involve the performance of both conducted and radiated tests. Indeed, the measurement of the input power at the antenna terminals is inherently conducted in nature, while the antenna gain measurement is a radiated one. However, the practical performance of compliance testing is complicated by the fact that some of the UPCS products may have a non-detachable, or even a non-identified antenna. For such products only radiated measurements are possible, and special techniques should be implemented to measure the “inherently conducted” characteristics using a “radiated” test.


This is further complicated by the fact, that in UPCS systems the transmission and monitoring may be accomplished using the same or different antennas, collocated or arbitrarily placed, detachable or attached. Depending on this, the standard ANSI C63.17 recognizes six test configurations, and recommends and describes measurement procedures to test each of them. While referring to the ANSI C63.17 standards for detailed test descriptions, the following discussion concentrates on the respective measurement rationale and correlation from the most general point of view.


To be expedient and economically efficient, compliance test should utilize the accepted in EMC and antenna technology standard techniques and test facilities for conducted power, radiating field, and antenna-type measurements. Additionally, the power compliance test must yield a “true representation” of the product actual EMC performance and the absolute figures of merit, which call for the proper test facility and accurate test method calibration. From this point of view, conducted power measurements often provide the most expedient test alternative, since they can be performed even at a benchtop in the laboratory, and the setup calibration is usually much simpler than in the radiated test. 


The above considerations are fully applicable to the EUT with detachable antenna(s), leading to the preferred test based on conducted measurements. In the case of UPCS products, this is also desirable because the limits themselves are formulated in conducted power terms, as illustrated by expressions (1) and (2) in this paper. , whenever the EUT has detachable antenna(s).However, for products measured with attached antennas, radiated test may be the most convenient, or the only possible alternative. Moreover, the must be complemented with the radiated tests of the EUT transmit antenna gain and the EUT transmit and monitoring system coverage equivalency, which are necessary, even if the transmission or deference power can be measured at the antenna input terminals. 


In the general case, the antenna-related EUT compliance radiated measurements can be based on standard test procedures for antennas, e.g., IEEE Std. 149-1979, or equivalent documents, or other applicable standards.  Typically, it is the most expedient to perform such measurements at acalibrated test facilityies which meets the free space requirements. On the other hand, the commonly accepted radiated EMC test facility to evaluate the EUT radiated emissions is the open area test site (OATS) featuring a ground plane which must meet specific requirements (e.g., ANSI C63.4-1992 [2]). Unfortunately, the application of OATS to measurements over 1 GHz has not been studied in sufficient detail, especially with regard to the OATS ground plane effects (this is not to say, that there are no OATS ground plane-related problems below 1 GHz, e.g., see [3] ). For these reasons, the recommended in [1] radiated test setup for the UPCS products in the 2 GHz range is based on free space environment measurements. There, the free space test site is defined as a site where the reflections from any ground planes or other reflecting objects are at least 10 dB below the line of sight signal. In such a site, like in the OATS, the reference antennas are used to measure the product emissions and to establish the deference fields. Alternative test environments and techniques are also permitted by [1], provided their correlation with the preferred methods can be proved. One such facility, which simulates the free space environment while evaluating the total EUT radiated energy, is GTEM cell. In GTEM, instead of using the reference antenna, the necessary power levels are generated and/or measured by the test facility itself. The computation of radiated parameters is performed using special algorithms (as a rule, per the facility manufacturer’s instructions), which provide correlation with the free space environment measurements.


The previous discussion confirms that even aside from technical and economical feasibility of the utilized measurement techniques, the issues of correlation between them are of crucial practical importance. It follows that there exist at least three such correlation-related issues:


 The obtained radiated measurement results must be comparable with the limits formulated in terms of conducted power (i.e., dBm at the antenna input terminals). 


 It is highly desirable to achieve the “parity” between the radiated and conducted measurements of the same system: if a system “passes” or “fails”, it must do it independent of the test technique. Of course, to avoid this problem, the radiating tests could have been applied to all the products. However as we have already stated, conducted measurements are often simpler to perform and more accurate than the radiated measurements. Therefore it looks unreasonable to “punish” the products which can be tested the “conducted” way, if at least partially.


 There exist a number of options to perform the radiated test: free space environment, open area test site (OATS) featuring a ground plane, semi-anechoic and anechoic absorber-lined shielding rooms, GTEM and TEM cells, which simulate free space far field environment in the near TEM field. Although numerous studies are available on correlation between the test results obtained in different environments and using different test methods [3-6,8], so far the existing research was limited mainly to the frequency band below 1 GHz. At this time, it is not clear how these results will apply to the UPCS devices in the 2 GHz frequency band.





Theoretical Background of Test Correlations


To establish correlation between the conducted and radiated test, as well as between the different radiated tests, the relationship between the respective test parameters of choice must be developed, so that these parameters could be expressed via each other.


 While in the EMC discipline the electronic products are typically evaluated by electromagnetic field measurements at the test site, the antenna professionals are more accustomed to such parameters as directivity and gain, EIRP, radiation efficiency, etc., and the application of the Friis equation. In this respect, the UPCS product compatibility evaluation may be viewed as kind of “interdisciplinary” technology, which may use alternatively or combine some of these techniques and test methods.


Using the fundamental relationships in the electromagnetic field and circuit theory, the power values can be expressed in terms of the field intensity and polarization in free space environment, receive/transmit antenna gains, directivity, EIRP, radiation efficiency. Similar relationships exist for alternative types of radiated measurement facilities: OATS, absorber-lined OATS and shielded rooms, GTEM. The respective expressions are based on general concepts of Maxwell’s equations, Friis formula for antenna interactions, and circuit theory.


TIn general case, the far zone radiated field intensity in free space at r m distance from a sourceis is related to the power at the antenna terminals as:


In linear units, �EMBED Equation.3���                 (3a)





Or in logarithmic units (E, dB(V/m; P,dBm; G,dB),


�EMBED Equation.3����                  (3b)


Similar relationships can be used for a GTEM cell, which proper calibration in terms of the far field can be derived thoretically [7] and is usually provided by the GTEM manufacturer in conjunction with the operating software. In (3a): r is the distance from the antenna to the observation point, m; P is power at the antenna terminals, W; G - antenna gain in the direction from the antenna to the observation point.  In (3b): r is in m, P - in dBm, G - in dB.


Another way to express the radiating field as a function of the voltage at the antenna terminals, is through the so-called antenna factor. This representation is often used to simplify the data aquisition and processing in EMC measurements. If a reference antenna with antenna factor AF, dB, is immersed in the field E, dB(V/m, then a voltage V, dB(V, or power P, dBm (assuming 50 Ohm load) is generated at the antenna input:


E = V + AF +acab = P+AF + acab+ 107        (4)


where acab accounts for the interconnection cable losses in dB.


Using these equations, the radiated power and monitoring threshold limits can be expressed as functions of the radiated fields. When power PEUT is applied to the antenna terminals, at a distance r from the antenna in the direction �EMBED Equation.3��� the electric field intensity can be found from (3)


�EMBED Equation.3��� (5)


There, ( is the azimuth angle, and ( is the elevation angle in a sphecrical coordinate system.The sum of the power at the antenna terminals and antenna gain in the direction of maximum radiation is defined as the EUT EIRP: 


�EMBED Equation.3��� (6)


Substituting PEUT from (6) into (1), the limit (1) can be re-written in terms of EIRP:


�EMBED Equation.3���


Or finding from (5) the power PEUT corresponding to the EUT radiating field intensity EEUTmax at location at distance r and EUT antenna gain GEUTmax in the direction of maximum radiation, and substituting it into (1), obtain the limit of the field intensity, corresponding to the limit (1) of the transmit power at the EUT transmit antenna terminals:


�EMBED Equation.3���Compliance with the EUT transmission requirements (7) or (8) can be tested using familiar from EMC and antenna technology standard techniques for antenna field and EIRP measurements.


Calculation of the monitoring threshold in terms of the electromagnetic fields and/or EIRPEUT can be done on the basis of expressions (2), (5) and (6). Substituting PEUT from (6), obtain Pi - PEUT in terms of EIRP:


�EMBED Equation.3���.        (9)


Or similarly, finding from (5) the power PEUT as a function of the EUT radiating field intensity EEUTmax at a location at distance r and EUT antenna gain GEUTmax in the direction of maximum radiation, calculate the difference in terms of the electromagnetic fields


�EMBED Equation.3���          (10)


Substituting (10) and (9), respectively, into (2), obtain the formulas to calculate the monitoring threshold, based on the measurements of the EUT emission field or EIRP, respectively:


�EMBED Equation.3���,.    (11)


�EMBED Equation.3���,      (12)


���������������������������������


��Now, the power PTref which is necessary to apply to the reference antenna to generate power TKP at the EUT transmit antenna terminals (separated from the EUT by distance r), can be found from the Friis equation, or equivalent equations describing the signal propagation at the test site. For example, from the Friis formula obtain:


�EMBED Equation.3���     (13)�EMBED Equation.3���


In (13), GTref and GEUT are respectively the gains of the reference antenna and the EUT transmit antenna in the direction of each other, ( - the signal wavelength. Substituting the monitoring threshold per (11) or (12) into (13), the value PTref can be obtained, expressed in terms of the maximum measured radiated field EEUTmax or EIRPEUT. For example, from (11) and (13) obtain:


�EMBED Equation.3���  (14)


The suggested in this standard radiated measurement procedures do not require the knowledge of the EUT antenna gain(s). To complement the conducted testIf desirable, the gain can be measured either directly, based on the radiation pattern evaluations, or using antenna substitution methods. As a first approximation for simple radiation pattern shapes, anan approximate evaluation of the gain GEUT can be based on the radiation pattern evaluation techniques. For example, as a first approximation, a simple formula suggested by Kraus may be used:


�EMBED Equation.3���,dB         (15)


where (o and (o are the half-power beam widths in (  plane and ( plane, respectively, in deg. The values of the half-power beams are determined from the EUT radiation patterns. It is convenient to measure these patterns in the process of the search for the direction of the EUT maximum radiation.





Experimental Study Rationale and Setup


Theoretical considerations are supported by the experimental study. The used test diagram schematic is shown in Fig. 1.


�EMBED Word.Picture.8���


To perform the correlation measurements, a battery powered test artifact (Fig. 2,a) was developed and built, which simulated a UPCS portable terminal. The artifact presents a free running self-contained 1.9 GHz CW signal-generating circuit with detachable monopole antenna terminated at an “N”-type connector and tuned to the transmitted frequency. The overall dimensions of the test artifact were 4”x2”x1”. Subjected to conducted measurements EUT consisted of the artifact with detached antenna, while for the radiated measurements the antenna was attached.


�


A spectrum analyzer was used to evaluate the signal power in the following conditions:


 Directly measure the conducted power at the EUT antenna terminals


 Measure the radiated power picked up by a horizontally and vertically polarized test antennas (double-ridged horns) at the OATS at 1 m and 3 m separation distances from the EUT.


 Measure the radiated power picked up by a horizontally and vertically polarized (double-ridged horns) test antennas at the absorbing lined OATS (ATS) simulating the free space environment [12], at 1 m and 3 m separation distances from the EUT.


 Measure the EUT radiated power picked up by a GTEM. A 1.5 m GTEM was used with the hyper-rotation capabilities (model EMCO 1750 EHR).


�EMBED Word.Picture.8���


The measurements were performed per requirements of ANSI C63.17 (draft), for three mutually orthogonal EUT positions (see Fig. 2, b,c,d). The signal conducted power at the input antenna terminals was measured directly with a spectrum analyzer. During the radiated tests at the OATS and ATS, the EUT was installed at the turntable (photo Fig. 3) and for each of the three orthogonal positions rotated 3600.  In GTEM cell, the EUT was installed in a fixed position with regard to the floor, while the GTEM was hyper-rotated with a 45o angle (photo Fig. 4).


An ATS was constructed at the OATS, by lining its ground plane with RF absorbers (see [9]). The ATS validation with regards to the free space conditions was performed by installing the EUT at the turntable at 1 m height and at a specified separation distance (1 m and 3 m were used) from the receive antenna. The receive antenna major lobe was aligned with the EUT direction of maximum radiation. The receive antenna was then height-scanned from 1 m to 2 m height and the received levels were plotted .


�


Fig. 3. UPCS Product Compliance Test at an Absorber-Lined OATS Simulating Free Space Environment (Partial Lining Shown)








Fig. 4. UPCS Product Compliance Test in the GTEM Chamber


The comparative plots of the received level at the OATS and ATS are shown in Fig.5. As shown, the RF absorber on the ATS ground plane effectively cancels the reflected wave, making the test site a free space environment.





Test Results and Analysis


In each of the three investigated test facilities, a set of the EUT radiation patterns were obtained. A sampling of the patterns plotted during the tests at OATS, ATS, and GTEM test is shown in Fig. 6.


The obtained patterns were used to determine the EUT direction of maximum radiation and maximum radiated field intensity and polarization, as measured in each of the investigated test facilities. A shown, the maximum radiated field intensity as measured at the OATS is about 5 dB larger than that measured at the ATS (“free” space environment). This is due to the contribution of the ground plane at the OATS, which must be taken into account when making measurements at this facility. The variance between the data obtained in the GTEM and ATS did not exceed 5 dB.


The measured EUT maximum radiated field intensity was used to determineAligning the major lobe of the receive antenna with the EUT direction of maximum radiation, the EUT EIRP, using equations (3b)-(6). To determinewas EIRPEUT in conducted test,determined, and the EUT antenna gain was measured using antenna substitution method.


�EMBED Word.Picture.8���


The developed theoretical expressions permit to perform the comparison and correlation between the 


results obtained using conducted measurements and any of the radiated measurements methods. The diagram in Fig. 7 presents a summary of the results illustrating the maximum measured EIRPEUT variations between the different measurement techniques. As shown, using the described methodology the UPCS product emission parameters can be determined and compared with the limits using any of the investigated test methods. For the studied particular EUT and test conditions, the maximum difference between the conducted and radiated measurements was within 7 4 dB.





Conclusion


Theoretical and experimental studies confirm the practical equivalency of radiated and conducted test methods and diverse radiated test facilities for the PCS EMC compliance testing. A reasonable correlation between the measurement results obtained using investigated alternatives can be expected, within the inherent facility specifics and limitations, as well as measurement errors.
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Fig.2. UPCS Portable Artifact and its Three Orthogonal Test Positions
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