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ABSTRACT
Plug-in electric vehicles (PEVs), including battery electric, plug-in hybrid electric, and 

extended range electric vehicles, are under evaluation by the U.S. Department of Energy’s 
Advanced Vehicle Testing Activity (AVTA) and other various stakeholders to better understand 
their capability and potential petroleum reduction benefits. PEVs could allow users to 
significantly improve fuel economy over a standard hybrid electric vehicles, and in some cases, 
depending on daily driving requirements and vehicle design, PEVs may have the ability to 
eliminate petroleum consumption entirely for daily vehicle trips. The AVTA is working jointly 
with the Society of Automotive Engineers (SAE) to assist in the further development of standards 
necessary for the advancement of PEVs.  

This report analyzes different methods and available hardware for advanced communications 
between the electric vehicle supply equipment (EVSE) and the PEV; particularly Power Line 
Devices and their physical layer. Results of this study are not conclusive, but add to the collective 
knowledge base in this area to help define further testing that will be necessary for the 
development of the final recommended SAE communications standard. 

The Idaho National Laboratory and the Electric Transportation Applications conduct the 
AVTA for the United States Department of Energy’s Vehicle Technologies Program. 



v

CONTENTS

1.� INTRODUCTION .............................................................................................................................. 1�

2.� METHODOLOGY ............................................................................................................................. 1�

2.1� System Evaluation .................................................................................................................... 1�

2.1.1� Evaluated Products ...................................................................................................... 1�

2.2� Functional Testing at the Electric Transportation Applications Engineering Center ............... 3�

2.2.1� Validation of Setup ..................................................................................................... 3�
2.2.2� Data Collection ........................................................................................................... 4�
2.2.3� Reporting ..................................................................................................................... 4�

2.3� Electromagnetic Communications Testing at the Electric Transportation 
Applications Engineering Center ............................................................................................. 4�

2.3.1� Conducted Emissions .................................................................................................. 4�

2.4� Electromagnetic Communications Testing at Compliance Testing ......................................... 4�

3.� RESULTS ........................................................................................................................................... 4�

3.1� Functional Tests ....................................................................................................................... 5�

3.1.1� Yitran IT700 ................................................................................................................ 5�
3.1.2� Maxim 2990/2991 ....................................................................................................... 5�
3.1.3� Intellon /Netgear XAV101 .......................................................................................... 6�

3.2� Baseline Electromagnetic Communications Test Results ........................................................ 7�

3.2.1� Yitran IT700 ................................................................................................................ 7�
3.2.2� Maxim 2990/2991 (CPK Testing) ............................................................................... 8�
3.2.3� Intellon XAV101......................................................................................................... 9�

3.3� Formal Electromagnetic Communications Test Results ........................................................ 10�

3.4� Integration Challenges ........................................................................................................... 10�

3.5� Test Laboratory Challenges ................................................................................................... 11�

3.6� Performance Comparison ....................................................................................................... 11�

3.6.1� Radiated Performance ............................................................................................... 11�
3.6.2� Data Throughput ....................................................................................................... 12�

3.7� Cost Analysis ......................................................................................................................... 13�

4.� CONCLUSIONS .............................................................................................................................. 14�



vi

Appendix A, Testing Descriptions .............................................................................................................. 15�

Appendix A-1, Setup Drawings for Validation ................................................................................ 16�

Appendix A-2, Setup Instructions for Validation ............................................................................. 17�

Appendix A-3, Microchip MRF24J40MA Data Sheets ................................................................... 18�

Appendix A-4, Intellon INT6300 Technical Brief ........................................................................... 45�

Appendix A-5, Yitran IT700 Technical Brief .................................................................................. 51�

Appendix A-6, Maxim 2990/2991 Data Sheets ................................................................................ 52�

Appendix A-7, Functional Test Setup Drawings .............................................................................. 55�

Appendix A-8, Functional Test Setup Instructions .......................................................................... 58�

Appendix A-9, Durability Test Setup Drawings (Maxim 2990/2991) ............................................. 69�

Appendix A-10, Durability Test Setup Instructions (Maxim 2990/2991) ........................................ 70�

Appendix B, Data Results ........................................................................................................................... 72�

Appendix B-1, Functional Test Results (Yitran IT700) ................................................................... 73�

Appendix B-2, Signal Analysis Report (Yitran IT700) .................................................................... 74�

Appendix B-3, Functional Test Results (Maxim 2990/2991) .......................................................... 78�

Appendix B-4, Functional Test Results (Intellon XAV101) ............................................................ 80�

Appendix B-5, Electromagnetic Capability Test Instructions at Electric Transportation 
Applications Engineering Center ........................................................................................... 82�

Appendix B-6, Electromagnetic Capability Test Setup Drawings at Electric Transportation 
Applications Engineering Center ........................................................................................... 93�

Appendix B-7, Electromagnetic Capability Test Report (CPK – Maxim 2990/2991) ..................... 94�

Appendix B-8, Electromagnetic Capability Test Report (Compliance Testing) .............................. 97�

Appendix B-9, Industrial Application Test Results (Maxim 2990/2991) ...................................... 128�

Appendix C, Cost Tables .......................................................................................................................... 132�

Appendix C-1, Development Costs ................................................................................................ 133�

Appendix C-2, Part Costs ............................................................................................................... 134�

Appendix C-3, Support Costs ......................................................................................................... 135�



vii

FIGURES

1. Illustration of the MRF24J40MA microchip from Zigbee .............................................................. 2�

2. Illustration of the Intellon XAV101 from HomePlug AV ............................................................... 2�

3. Illustration of the Yitran IT700 from HomePlug C&C .................................................................... 3�

4. Illustration of the Maxim IC MAX2900/MAX2991 ........................................................................ 3�

5. Data report screenshot for the Yitran IT700 .................................................................................... 5�

6. Screen shot for the Maxim 2990/2991 console ................................................................................ 6�

7. Homeplug AV data throughput over AC power line ....................................................................... 6�

8. Homeplug AV data throughput over DC power line during fast charge ......................................... 7�

9. Yitran IT700 conducted emissions test results ................................................................................ 7�

10. Yitran IT700 conducted emissions test results (no transmission) .................................................... 8�

11. Radiated emissions test results for the Maxim 2990/2991 device ................................................... 9�

12. Intellon XAV101 conducted emissions test results ....................................................................... 10�

13. Wireless signal traffic results of the Intellon XAV101 product for a separation  
distance of 2 ft ................................................................................................................................ 11�

14. Wireless signal traffic results for the Intellon XAV101 product for a separation  
distance of 5 ft ................................................................................................................................ 12�

TABLES

1. Data rate comparison for the three programmable logic controller products ................................ 12�



1

1. INTRODUCTION 
The U.S Department of Energy’s Advanced Vehicle Testing Activity (AVTA) is involved with 

developing a communication protocol interface between a charger and electric vehicle. The 
standardization effort consists of a partnership between the U.S Department of Energy (DOE) and the 
Society of Automotive Engineers (SAE). Committee activities include test reports, evaluation of new and 
existing communication standards, functional testing of appropriate hardware, coordination between 
candidate suppliers, specialized testing (e.g., electromagnetic communications testing [EMC]), and a 
proof of concept validating the interface between the charger and the vehicle. The project will be 
managed for the committee by the engineering and management team at Electric Transportation 
Applications (ETA). Project management activities are designed to lead the project using a variety of 
strategies such as product selection, design of a functional test, selecting an appropriate test center, and 
supporting all technical aspects of the project in consultation with the SAE committee. Based on a 
consensus in support of project scope, the following products were selected for evaluation: Yitran IT700, 
Maxim2990/2991, Intellon XAV101, and Microchip MRF24J40MA. They were selected due to their 
novelty and potential for meeting the interface requirements listed in Section 2.1 of the scope of work. 
Other devices using legacy technology (e.g., modulated pilot wire, original SAE J1850 [2-wire], and 
CAN [2-wire]) were examined in another report and are only referenced in this report. The AVTA 
activities are managed by the Idaho National Laboratory (INL), and the ETA contract is managed by the 
National Energy Technology Laboratory (NETL). INL and NETL perform this work for DOE’s Vehicle 
Technologies Program. 

2. METHODOLOGY 
All testing was scheduled and budgeted by ETA engineering and management. Funding was 

structured in support of completing the system evaluation, functional testing of the candidate system, and 
EMC testing. Details covering each phase are provided in the following subsections. 

2.1 System Evaluation 
In order to validate a particular candidate solution, a system needed to be designed in a manner 

specific to the technology and interface requirements of both the electric vehicle charger and the vehicle. 
Additional criteria, unique to meeting future monitoring needs of the utility, also needed to be considered 
as stated in Section 2.1.2 of the SAE scope document. This required research involving specific attributes 
for the candidate technology and interface challenges with the charger and electric vehicle. Collaboration 
between ETA engineering and SAE committee staff offered possible alternatives in evaluating each 
candidate system. Based on the collaboration effort, a series of setup drawings and setup instructions for 
each product under review were created. These items can be found in Appendix A-1 and Appendix A-2, 
respectively. The evaluation process permitted the team to better examine all possible candidates in a 
manner that was fair and robust. 

2.1.1 Evaluated Products 
Based on the results of the system evaluation, a series of candidate devices were identified as possible 

solutions in meeting the needs of the project. With the candidate devices defined, a more rigorous analysis 
was enabled. Based on consultations with the SAE committee and ETA, a series of detailed functional 
tests and EMC tests were conducted at the ETA engineering center. Details on the testing are broken 
down by candidate device in the following subsections. 

2.1.1.1 MRF24J40MA – Microchip – (ZigBee). This product is a printed circuit board solution 
that is Federal Communications Commission (FCC) certified. The product is already in use, requiring no 
additional testing beyond the functional test. Figure 1 shows the bare device with an arrow showing the 
antenna hardware. The device must be placed 1 in. away from any conducting material, as specified in the 
datasheet located in Appendix A-3. Multiple tests of similar products have been performed by various 
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utility companies. The weaknesses of this solution include having a short range and using a mesh 
networking device to do point-to-point communication.

Figure 1. Illustration of the MRF24J40MA microchip from Zigbee. 

2.1.1.2 XAV101 – Netgear (Intellon 6300 chipset – HomePlug AV). This product is a system 
currently in use for delivery of high-speed Internet in consumer electronic products. The device of interest 
is the chipset, not the device as it is sold in its current form. However, testing the device will illustrate the 
suitability of the chipset as an integrated solution for high-speed programmable logic controller (PLC) 
applications in an electrical vehicle charging environment. The XAV101 uses a complex OFDM 
modulation (using up to 1,155 subcarriers) over the 2 to 28-MHz band. The Netgear XAV101 chip tested 
acts as a bridge between a network using cat5 cables and a network using a power line as its transport 
medium. The Netgear device is the only device evaluated that cannot be categorized as an evaluation 
board. It also is the only device that could not be powered externally, which is a limitation in the sense 
that it was not possible to isolate the power section from the data bus itself. Figure 2 shows the device in 
its current form as a Netgear Device. Datasheets detailing specific features of the device can be found in 
Appendix A-4.

Figure 2. Illustration of the Intellon XAV101 from HomePlug AV. 

2.1.1.3 IT700 – Yitran – (HomePlug C&C). Yitran offers a low-cost, single chip solution. This 
device uses a patented differential code shift keying PLC operating at a low data rate (7.5 kbps) in the 
Cenelec OR FCC band. It consists of two modules, one acting as a base station (server) and one acting as 
a remote station. In its current form, the device pair interfaces with a personal computer hosting the user 
interface via a USB port. Because this is an evaluation board, additional testing beyond functional is 
required. Additional testing consists of an EMC validation under FCC and automotive standards. Figure 3 
shows a typical Yitran IT700 module. Datasheets for the Yitran IT700 can be found in Appendix A-5.
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Figure 3. Illustration of the Yitran IT700 from HomePlug C&C. 

2.1.1.4 MAX2990/MAX2991 – Maxim IC. The Maxim modules are a two-chip set solution: one 
chip acts as the analog front end, while the other supports the orthogonal frequency demodulation process 
(MAX2990). The orthogonal frequency demodulation is in the Cenelec or FCC band, providing a data 
throughput of 80 kbps measured. This product was added to the evaluation lineup because Maxim IC had 
previously done work for smart meters deployed by ERDF (Electricite Reseau Distribution France). 
Datasheets for the Maxim 2990/2991 devices can be found in Appendix A-6. Figure 4 shows 2990 and 
2991 as a stacked pair.

Figure 4. Illustration of the Maxim IC MAX2900/MAX2991. 

2.2 Functional Testing at the Electric Transportation Applications 
Engineering Center 

2.2.1 Validation of Setup 
In consultation with SAE and ETA engineering, a validation test plan was established. The goal of the 

test plan is to secure a method for validating the test setup. Based on summary discussions contained in 
the monthly progress reports, it was decided the functional test would be designed using a charger-to-
electric-vehicle integration model. More specifically, the integration method used by ETA engineering 
consisted of a Clipper Creek AC Level 2 charger and Mini-E electric vehicle. All four product candidates 
underwent this phase of initial validation for functional testing. Additionally, testing was done using 
Energy Technology Engineering Center’s industrial chargers and different sizes of battery packs with all 
three PLC devices validating communication over the direct current (DC) power line when voltage was 
applied. The modules were tested with different chargers switching at different frequencies to test the 
effect of the power section on the data throughput of the device signal. Appendix A-7 lists the functional 
test setup and operation instructions for all four modules under evaluation. Appendix A-8 lists all 
associated installation drawings for each module undergoing functional testing. Appendix A-9 lists all 
drawings associated with Maxim2990/2991 in support of the DC charger test. Appendix A-10 lists the 
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setup instructions and drawings for the Maxim2990/2991 DC charger test. Similar tests were performed 
with the Intellon and the Yitran products. 

2.2.2 Data Collection 
Data capture involved using both automated and manual approaches. The automated method was 

secured by using the device control software provided by the candidate product manufacturer and 
included using test equipment at the ETA engineering center. Manual data capture was collected in log 
format, using observation as it pertains to operation of the device. 

2.2.3 Reporting 
This operation organized both manual data and automated data gathered during functional testing. 

This process also was done for preliminary EMC testing at the ETA engineering center. EMC testing is 
discussed in Section 2.3. 

2.3 Electromagnetic Communications Testing at the Electric 
Transportation Applications Engineering Center 

Because of the novelty of PLC communication technology, a baseline average was needed to properly 
examine the performance features of the devices. Testing at the ETA engineering center consisted only of 
the conducted emissions test. Specific details concerning this test are discussed in the following 
subsection. All of this was done in accordance with Section 2.1.4 of the SAE scope document. 

2.3.1 Conducted Emissions 
The purpose for this test was to measure power line conductivity between all three devices: Intellon 

XAV101, Yitran IT700, and Maxim 2990/2991. This was done under stand-alone 120-Vac and 220-Vac 
voltages with a slave device acting as a load to the device under test.

The baseline is supposed to establish an average threshold between all three devices because it 
concerns the performance of isolation between the signal line and the power line for all three devices 
under test. Test setup instructions and drawings for the EMC tests conducted at the ETA engineering 
center are listed in Appendix B-5. 

2.4 Electromagnetic Communications Testing at Compliance 
Testing

Compliance Testing is a local test center in Chandler, Arizona with experience in automotive and 
FCC EMC testing. The laboratory offered a test schedule that was favorable in adhering to the project 
timeline. The laboratory also demonstrated flexibility in setting up the needed tests and reporting the 
results. The staff at Compliance Testing demonstrated technical competence in operation of various test 
equipment and test procedures. The engineering team offered several suggestions in terms of procedure 
and the appropriate methods for obtaining correct results. The management team at Compliance Testing 
was forthcoming about the limitations of the laboratory’s testing capability.  

3. RESULTS 
This section includes performance results for both the functional test and the EMC tests, respectively. 

Functional test results are categorized by product and by mode of testing (e.g., DC or alternating current 
[AC] testing). Specific details for each product and test mode are listed in the following subsections. 
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3.1 Functional Tests 
3.1.1 Yitran IT700 

This product underwent two levels of functional AC testing. The primary level verified operability of 
the device, while the secondary level verified integration capability to a plug-in hybrid electric vehicle 
charger. The first test consisted of the product being tested using two laptops: one for the transmit module 
and the other for the receive module. The laptops had Yitran IT700 software to monitor and control the 
communication behavior of the devices. The modules were tested using the 120-Vac line and the Yitran 
power supply as well as using an external 12V battery to separate the communication line from the 
provided power line used by the module. Data were successfully transferred at 7.5 kbps over the power 
line. This was validated by an examination of the data report, as shown on the control interface in 
Figure 5. In preparation for EMC testing, Yitran engineering provided signal analysis reports. These are 
found in Appendix B-2. The display in Appendix B-1 shows device performance under 120 Vac with 
packet data being sent under FCC configuration. Functional test results for Yitran IT700 undergoing the 
secondary test are located in Appendix B-1. Data traffic shows a 50% capacity at 7.5 kbps. The module 
showed virtually no performance difference between the first and the second test, which involved a 120-V 
onboard charger. 

Figure 5. Data report screenshot for the Yitran IT700. 

This product also underwent functional DC testing. Powered up with an external 12-V battery, the 
Yitran module was capable of communicating over the DC power line up to 250 V in its current 
configuration. However, as the current started to rise in those lines to charge the vehicle battery, the 
communication became completely blocked (see Appendix B-5 for details).

3.1.2 Maxim 2990/2991 
For the functional AC testing, the Maxim 2990/2991, like the Yitran IT700, was tested using two 

laptops with vendor-supplied software to monitor communication. The modules were configured to be 
tested in either Cenelec A with Robo mode ON or Cenelec A with Robo mode OFF. Robo mode is a 
robust mode designed for configuration in harsh environments. The modules also can be configured in 
FCC mode with the option of having Robo mode ON or OFF. The Maxim 2990/2991 EV kit was tested 
under 120 Vac, 220 Vac, with and without load, and using a 12-Vdc car battery to power up the modules. 
Data communication over the power line was validated using a console vendor-supplied application and 
an oscilloscope. A sample screen shot illustrating the console application is displayed in Figure 6. The
screenshot illustrates, among others things, transmit data in bits per second and the success rate as 
indicated by ACK and ReTx indicators. The arrow indicates the packet count, based on a 7-BCD text 
string. A series of graphs illustrating data rates for both 120-Vac and 220-Vac load/no load conditions are 
displayed in Appendix B-3 (Maxim 2990/2991). All graphs represent FCC configuration with Robo mode 
ON. Robo mode illustrates the best case for device communication performance.
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Figure 6. Screen shot for the Maxim 2990/2991 console. 

For DC line testing, the Maxim EV kit was powered with an external 12-V power supply and the 
product was able to communicate over the DC power line up to 250 V in its current configuration. As the 
current to charge the vehicle battery started to rise in those lines to charge the vehicle battery, the 
communication got completely blocked (see Appendix A-9 for details). With intervention of the Maxim 
engineer, it became possible to communicate on the high band of the FCC spectrum 300 to 450 kHz (see 
Appendix B-9 for details). 

3.1.3 Intellon /Netgear XAV101 
The Intellon/Netgear XAV101 product differs from the Yitran and Maxim 2990/2991 in that it is sold 

as an active, approved consumer electronic device by meeting FCC Section 15, Part B. It is packaged as a 
Netgear product using TCP/IP communication over power line protocol. Testing the device requires two 
laptops with one module connected per laptop. The Netgear XAV101 runs under 135 to 400-Vdc bus or 
100 to 240 Vac. The robustness of this capability was tested using a large file measuring 942 MB between 
two laptops and using a 180-Vdc bus, as well as a regular 110 Vac and a 220 Vac bus. 

For the test over the AC line, the Homeplug AV device experienced no difficulty in communicating 
with a data rate of up to 50 Mbps. Typical data throughput was more around 35 Mbps (Figure 7). 

Figure 7. Homeplug AV data throughput over AC power line. 

For the test over the DC line, because of the design of the module, it was not possible to test the 
XAV101 module with the same setup as the other two products. The device was communicating the 
majority of the time, while simultaneously charging at up 40 A. The throughput was highly reduced (from 
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tens of Mbps down to 80 kbps), Communication would occasionally be impossible during a full 
10-second period. Figure 8 shows the communication data throughput when the modules were installed 
on the output of the 25 analog front end Minit-Charger and the 200-V battery being charged at 25 A. 

Figure 8. Homeplug AV data throughput over DC power line during fast charge. 

3.2 Baseline Electromagnetic Communications Test Results 
The EMC test results are separated by product family and test type. The different tests (such as AC or 

DC testing) were conducted separately. Before any testing of the modules could begin, a verification of 
the test setup needed to be carried out. Once this step was complete, the first module Yitran IT700 was 
tested, followed by Maxim 2990/2991, and finally the Intellon XAV101. The main series of tests 
performed were the conducted emissions tests, which were reported in graphical form for each product. 
Radiated emissions measurements also were performed but without an anechoic chamber; the results are 
of little value. 

3.2.1 Yitran IT700 
Testing began with a simple calibration of the test equipment in accordance with standard industry 

practices. Once the system was operational, testing began in the 120-Vac mode followed by 220-Vac 
mode. The performance of the Yitran IT700 under the conducted emissions baseline test with the device 
transmitting data is shown in Figure 9.

Figure 9. Yitran IT700 conducted emissions test results. 

Figure 10 shows the conducted emissions measured when the device is not transmitting. Additionally, 
EMC testing results were performed in another laboratory under Yitran supervision to meet the current 
J551-5 EMC limitsError! Reference source not found..
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Figure 10. Yitran IT700 conducted emissions test results (no transmission). 

3.2.2 Maxim 2990/2991 (CPK Testing) 
Because the Maxim product entered the study later, ETA did not have the opportunity to test the 

conducted and radiated emission on the evaluation kit for this product. A supporting preparation for EMC 
testing was furnished by the engineering team at CPK testing. This was conducted under the direction of 
Maxim management, with feedback from ETA engineering. The results of the test cover radiated 
emissions in a graphical form and are listed in Appendix B-7. For the purposes of this report, the mode of 
operation under consideration is the FCC frequency (10 to 490 kHz) with Robo mode on. Figure 11 
illustrates the radiated emissions test under the following frequency band from 30 to 242.4 MHz).
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Figure 11. Radiated emissions test results for the Maxim 2990/2991 device. 

The results provided by Maxim IC show that the device does not meet some of the Level 2 radiated 
emission requirements. However, it did not show any issue in meeting the Level 1 requirements, which is 
the level tested in this study.

3.2.3 Intellon XAV101 
In a similar fashion to the Yitran IT700, the XAV101 was tested as a baseline for formal EMC 

testing. Because of the need for examining the similarities and differences with the Yitran IT700 product, 
conducted emission tests were performed at the ETA engineering center. Because the Intellon XAV101 
operates over a higher and much wider band (2 to 28 MHz), graphical results will be different than those 
for the other products in the study. Figure 12 shows performance of the Intellon XAV101.
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Figure 12. Intellon XAV101 conducted emissions test results. 

A close examination of Figure 12 shows a higher rate of peaks covering the range of 10 kHz to 
30 Mhz compared to the narrowband device from Yitran and Maxim. The signal characteristic represents 
a large file transferred between the two devices with a transmission control protocol/internet protocol. 
Conducted emissions of a Homeplug device are much higher than those recorded for the Yitran device on 
the 1.7 to 30-MHz band. Note that this band is not being measured by the Ford CE420 test that was 
selected to test conducted emission; therefore, it might not be an issue for the Intellon device to meet the 
Ford EMC specifications. 

3.3 Formal Electromagnetic Communications Test Results 
All three devices underwent formal EMC testing at Compliance Testing. Compliance Testing is a 

licensed test facility specializing in FCC testing services. There were four tests that were conducted at 
Compliance Testing, starting with radiated emissions tests and followed by conducted emissions, bulk 
current injection, and radiated immunity tests. 

The test center furnished a report covering specific results on all four test items. The test report is 
located in Appendix B-8. For the purposes of this study, the following sections will be directed at 
identifying the limitations of existing resources at the test laboratory and design challenges from the 
existing selection of products. 

3.4 Integration Challenges 
All three devices pose unique challenges because they apply to integration with the EV charger 

application. The EMC tests at Compliance Testing showed particular challenges with communication 
over the power line under a moderate frequency range of 150 kHz to 30 MHz. All three devices exhibited 
a conducted signal gain in this region no matter the data rate or communication protocol. Of particular 
concern was the Intellon XAV101, which failed to meet FCC Part 15.107 Class B (a) in the 150-kHz to 
30-MHz range, transmitting transmission control protocol/internet protocol packets at 1,500 bytes MTU, 
and also failed FCC Part 15.109, Table 1. Because the Intellon XAV101 product is already licensed under 
FCC Part 15 B, its EMC performance was expected to show characteristics of a passing unit under typical 
operating conditions. However, given the general performance of all three devices, a general pattern of 
signal activity at various ranges on the frequency scale can be observed. The Maxim 2990/2991 and 
Yitran IT700 exhibited a signal gain below the accepted range as specified by the testing standard. The 
formal EMC report is located in Appendix B-8.
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3.5 Test Laboratory Challenges 
The test laboratory was able to perform all four tests fairly well. Reporting of results was conducted 

in a professional manner under guidance of an experienced team of engineering professionals. Of 
particular concern was the limitation of not having a fully operational anechoic chamber. The FCC and 
Ford standards do not require it; they merely suggest it as a best practice. The alternative method is to use 
what is called an outside air testing chamber instead. The devices are placed in a tent structure while a 
high-gain antenna is placed outside. In order to capture accurate measurements, references are made to an 
average noise floor, which results in a test consisting of five points in place of a graphical display of 
results at various frequencies. The consequences of this result include the following:

� Repeatability – because the reporting of results is based on a noise floor, a repeat of the same test 
will produce different results due to the noise floor constantly changing.  

� No graphical representation – because only five data points get captured, graphical representation 
becomes impractical. Using only five data points creates a false impression of the test performance 
over the entire test range. This omits important information regarding noise emissions under specific 
frequency bands within the test range. 

3.6 Performance Comparison 
All three products were tested under the same conditions and using the same methodology. 

Exceptions to this occurred regarding EMC testing at the ETA engineering center. The exception 
concerns the Maxim 2990/2991 product and is due to a late arrival and acceptance of prior EMC tests 
performed by the vendor’s test center. The following items were observed in meeting comparative criteria 
as defined by Sections 2.1.2 and 2.1.5 of the SAE scope document. 

3.6.1 Radiated Performance 
The Intellon XAV101 has the highest data rate (up to 50 Mbps) compared to the Yitran IT700 (in the 

3 to 7.5 kbps, depending what band is used) and Maxim 2990/2991 (in the 30 to 80 kbps, depending what 
band is used). The wireless behavior of the former at short range also was non-negligible. By connecting 
one Intellon device to a battery and the other to outlet power, the expectation would be that there would 
be no communication between the devices because no physical connection is made between the two 
devices. However, the results of this test showed that the two devices communicate at various lengths of 
separation. Figure 13 illustrates signal traffic between the Intellon devices at a separation distance of 2 ft. 
This was repeated on three occasions at this distance, with the devices facing each other, away from each 
other, and with one located at a height. 

Figure 13. Wireless signal traffic results of the Intellon XAV101 product for a separation distance of 2 ft. 
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In order to better characterize the performance of the radiating behavior, a repeat of the test was 
performed at 5-ft separation. The results are illustrated in Figure 14; the graph shows less traffic than 
what is shown in Figure 13, but still enough to warrant an observation. File transfer between the two test 
laptops was not successful, even though they were able to see each other. Perhaps, lack of communication 
between the two devices is due to the signal noise attributes of the apparent over-the-air communication. 
Details on functional test results for Intellon XAV101 can be found in Appendix B-4. Similar radio tests 
were performed with the Maxim and Yitran devices; however, those devices were not capable of 
transmitting over the air like the Intellon device. 

Figure 14. Wireless signal traffic results for the Intellon XAV101 product for a separation distance of 5 ft. 

3.6.2 Data Throughput 
The Yitran IT700 operated at the slowest speed (7.5 kbps). Data transmission was slow but robust, 

although it failed to communicate over a DC power line when charging at 250 A with the Energy 
Technology Engineering Center industrial SC unit (see Appendix B-8 for details). 

The Maxim 2990/2991 demonstrated an intermediate speed of 80 kbps in the FCC range and 25 kbps 
in the Cenelec A band. The analog front end module failed over DC. After some adjustments, the Maxim 
team successfully communicated over the DC power line when charging with the Energy Technology 
Engineering Center SC unit at 250 A at approximately 11 kbps (see Appendix B-9 for details). Note that 
Maxim was the only candidate that had a chance to adapt their solution during field trials. Table 1 shows 
the different communication speeds observed for different test conditions with the three PLC solutions. 

Table 1. Data rate comparison for the three programmable logic controller products. 
AC  

(no load) 
AC  

(32-A load) 
DC  

(no load) 
DC  

(250-A load)* 
IT700 (FCC) 7.5 kbps 7.5 kbps 7.5 kbps 0 
Maxim (ARIB) 80 kbps 80 kbps 80 kbps 11 kbps** 
Intellon 50 Mbps 50 Mbps 45 Mbps *** 
* The PLC modules were connected over the DC lines of a 24-V industrial traction battery and an Energy Technology Engineering Center

industrial SC charger. 
** The Maxim evaluation kit was capable of communicating by tweaking the software and communicating on the high portion of the ARIB

band only (see Appendix B-9 for details). 
*** Because of the Netgear design, it was not possible to test the Intellon product with the Energy Technology Engineering Center SC charger. 

The Intellon product was tested with a smaller battery having a voltage of 180-V nominal. It was clearly demonstrated that the data
throughput was proportional to the current flowing in the line. Different tests with power sections led to very different data results,
sometimes completely blocking the communication. 
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� 60-ft AC line test – All three pairs of modules were individually set up on an isolated 60-ft line at 
220-V, 60-Hz AC generated from a 110 to 220-V step-up transformer. One unit was used as the 
transmitter while its opposite was used as the receiver. All three devices demonstrated good 
communication with no loss of signal. 

� PLC communication while providing AC to an onboard charger – The Maxim 2990/2991 product 
was tested with a 30-A, 220-V draw that was charging an electric Mini Cooper. The engineering team 
from Maxim USA provided a report covering the performance of this test. The document can be 
found in Appendix B-9. The Yitran IT 700 and the Intellon XAV101 were tested earlier with a 12-A, 
110-V draw charging a converted plug-in hybrid Toyota Prius from Hymotion. All three technologies 
showed good signal transmission during charge events. 

� PLC communication on industrial charger and off-board DC charger – Every solution had 
difficulty communicating over DC lines when high current was sent to the battery. Maxim was able to 
modify their product to enable it to run under one charger; however, this is charger-specific and in the 
real world with multiple charger vendors and changing technology, it might be undesirable. One 
alternative is to use the earth ground line as one of the communication lines. ETA has had good 
results using the battery positive line and earth ground wire to communicate with the Yitran and 
Maxim modules. The test could not be performed with the Intellon device because the communication 
and input power of the module cannot be separated. 

3.7 Cost Analysis 
A comparative cost analysis was done in support of Section 2.0 in the SAE scope document. The cost 

analyses consist of examining the integration capability of the technology under evaluation to the charger. 
Readiness of the product under evaluation to be integrated into a charger control system is examined in 
terms of hardware fit. The hardware fit must accommodate the basic function of the charger control 
system. However, there is no requirement that all features of the target product integrate if these features 
can be disabled without compromising the charger control system. Specific hardware criteria for each 
product under evaluation are discussed as follows: 

� Development costs – Development costs consist of activities such as selecting a chip set, creating an 
engineering model, signal analysis studies, and PCB board layout. Items under this category include 
fabrication of prototypes, test validation plans, and manufacturability. For the purposes of this study, 
development costs will be limited to selection of a chipset and engineering model. The development 
costs for all four products under evaluation are listed in Appendix C-1. 

� Part costs – The components needed for product manufacturing will be listed as the minimum 
required for integrating into the charger control system. All of this was done according to the chipset 
associated with each product. The Maxim and Yitran products operate exclusively under intended 
design criteria. The Intellon XAV101 operates as a Netgear product using a transmission control 
protocol/internet protocol. This will not be the protocol feature used in integrating this device to the 
charger control system. Instead, the part count will refer to the chipset features that better meet the 
needs of the current charger control systems most likely to be available on the market. The Zigbee 
product is a drop-in-place module requiring no component integration or redesign. It is for this reason 
there is no list of part costs involving this option. The part lists for the products are located in 
Appendix C-2. 

� Support costs – In selecting a protocol technology, associated features will require additional 
support. This may consist of high-level software development for data capture, transmission, and 
storage. Support of point-of-sale service bundling, licensing, and other elements in support of media 
access also may be required. Given the wide array of features between all products under evaluation, 
a table is provided that lists rough costs for each product in Appendix C-3. 
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For the purposes of this study, the cost analysis excludes time-to-market because this requires 
knowing details such as lead times on all components, scheduling, and manufacturing contracts. The cost 
analysis does offer a solid examination of feasibility in selecting one technology over another. The 
benefits of selecting a technology must include a readiness for deployment into an existing charger 
design. To select a technology without this consideration will result in added costs in designing a charger 
to accommodate the limits of the candidate technology. 

Deployment costs will be lower if the most advantageous technology is selected. This was due to 
software integration, which was not part of the study, but was a contributing factor in development and 
deployment of the charging system. Deployment costs are assumed to encompass operability of the 
charger. Operability entails functional items such as frequency of charging, current draw, temperature, 
electrolyte levels, and state of charge for all available batteries. Optimization of operability will depend 
on market conditions, needs of the end user, and utility participation. 

4. CONCLUSIONS 
This study demonstrated some good results with PLC solutions in an AC-charging application where 

only one vehicle is being charged. No tests have been performed when multiple vehicles are being 
charged simultaneously. With multiple devices sharing the communication line (i.e., the same power 
line), the data throughput is expected to be divided by at least the number of additional devices added on 
the line. For example, the data rate of the Yitran solution would be reduced from 7.5 to 3.75 kbps if two 
vehicles are being charged nearby and the traffic on the line is close to 100%. 

However, when DC charging, it was apparent that there was some difficulty in using a PLC; it is 
recommended that an earth ground be used as one of the signal lines for DC PLC communication in the 
specific context of battery charging. 

The EMC testing showed no real problem in using any of the tested products in the United States; 
however, the SAE recently agreed on reaching a similar communication solution with the International 
Standards Organization and International Electrotechnical Commission. Requirements for Europe and 
Japan also need to be met; they were not part of this investigation. In fact, for example, current 
regulations in Japan forbid the use of a Homeplug AV device outside the home. 

Cost implications in selecting candidate devices were measured by examining the manufacturability, 
communication front end support, and operability of the charger system. Manufacturability consists of 
what would be needed for full integration of the system. This includes an estimated bill of material, 
requirements of software design, and the potential impact of accommodating a smart meter. Front end 
support entails communication using front-end software development in accommodating the candidate 
protocol. Operability of the charger system consists of battery charging and monitoring while using a 
candidate device and its associated communication platform. The cost measure per candidate device for 
this category varied considerably, principally based on bandwidth features and communication speed. 
Currently, the chargers used by ETA do not require high-speed communication. If this were added on as 
an ancillary feature, it would impact the cost of the charger because additional hardware and software 
support would be required. The degree of front end support costs depend on the interface technology and 
chip set configuration.  
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Appendix A 

Testing Descriptions 
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Appendix A-1 
Setup Drawings for Validation 
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Appendix A-2 
Setup Instructions for Validation 

Preliminary: The purpose of this procedure is to define a process for measuring integration applicability 
of select communication devices, namely PLC solutions. The process must be unbiased in nature and yet 
show flexibility in meeting select requirements for a variety of charger applications. 

Mode of Operation 

� Suitable 110-V, 220-V, AC power 

� 12-V battery to power up the PLC device if possible 

� Use paired device as load for the device under test 

� Monitoring equipment appropriate for measuring the device under test 

� Data collection procedures for transmitting and receiving data 

� Record keeping procedures. 

Test Operation and Validation of Results 

� Develop procedures and methods for conducting various tests for repeatability.

� Examine and modify test procedures based on results and desired application.

� Validate and record for official record keeping purposes only those results that are repeatable under 
several test evolutions covering a wide time span.

� Be ready to terminate any test evolution if safety issues arise. Collect all data in preparation of a 
report.
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Appendix A-3 
Microchip MRF24J40MA Data Sheets 
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Appendix A-4 
Intellon INT6300 Technical Brief 
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Appendix A-5 
Yitran IT700 Technical Brief 

IT700 IC - FEATURES and BENEFITS 

The IT700 is a highly integrated System-on-a-Chip (SoC) Powerline Communication (PLC) IC 
that incorporates Yitran’s extremely robust Physical Layer (PHY), high-performance Data Link Layer (DLL)
and Network (Y-Net) protocol. IT700 also features a 8051 Micro with 256 KB Flash for protocol stack and 
application implementation as well as 24 general purpose I/Os.  

The IT700 PLC modem core uses Yitran’s patented Differential Code Shift Keying (DCSK) advanced spread 
spectrum modulation technique for extremely robust communication with data rates up to 7.5Kbps. The 
device also utilizes several other mechanisms for enhanced communication robustness, such as a patented 
forward short-block soft-decoding error-correction algorithm and special synchronization algorithms.  

The IT700 IC complies with worldwide regulations (FCC part 15, ARIB and CENELEC bands), is designed for  
HomePlug Command & Control. IT700 is an ideal solution for a variety of command and control PLC 
applications. 

The IT700 is available in two versions:  
� The Protocol Controller Architecture version includes Yitran’s Y-Net network protocol stack. A 

UART interface and simple command language provide seamless connection to an external 
Host controller and simplify application development. In this version, no access to the 
microcontroller’s resources is provided.  

� The Open Solution Architecture version allows utilization of the IT700 microcontroller’s 
peripheral functions such as timers, interrupts, communication interfaces, A/D, spare memory 
resources and general-purpose I/Os to implement the application code, thereby eliminating the 
requirement for an external host controller. An Application Programming Interface (API) will 
enable easy integration of the application code with Yitran’s code.  
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Appendix A-6 
Maxim 2990/2991 Data Sheets 
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Appendix A-7 
Functional Test Setup Drawings 
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Appendix A-8 
Functional Test Setup Instructions 
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Appendix A-9 
Durability Test Setup Drawings (Maxim 2990/2991) 
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Appendix A-10 
Durability Test Setup Instructions (Maxim 2990/2991) 
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Appendix B 

Data Results 
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Appendix B-1 
Functional Test Results (Yitran IT700) 

Yitran IT700 Functional Test Data Report connected to PHEV Hymotion Prius. 
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Appendix B-2 
Signal Analysis Report (Yitran IT700) 
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Appendix B-3 
Functional Test Results (Maxim 2990/2991) 
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Appendix B-4 
Functional Test Results (Intellon XAV101) 
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Appendix B-5 
Electromagnetic Capability Test Instructions at 

Electric Transportation Applications Engineering 
Center
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Appendix B-6 
Electromagnetic Capability Test Setup Drawings at 
Electric Transportation Applications Engineering 

Center
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Appendix B-7 
Electromagnetic Capability Test Report

(CPK – Maxim 2990/2991) 
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Appendix B-8 
Electromagnetic Capability Test Report

(Compliance Testing) 
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Appendix B-9 
Industrial Application Test Results (Maxim 2990/2991) 
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Appendix C 

Cost Tables 
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Appendix C-1 
Development Costs 
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Appendix C-2 
Part Costs 



135

Appendix C-3 
Support Costs 


