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1. Acronyms and Abbreviations
EFC
Electric-Field Communication

FCS
Frame Check Sequence
FSC
Frequency Shift Code
FSDT
Frequency Selective Digital Transmission
HBC
Human Body Communication

HCS
Header Check Sequence

MAC
Media Access Control

PHY
Physical Layer

PLCP
Physical Layer Convergence Protocol

PPDU
Physical Layer Protocol Data Unit

PSDU
Physical Service Data Unit

2. HBC PHY Specification
This section presents the proposed EFC specification for HBC PHY.  It covers the entire Physical Layer (PHY) protocol for Body Area Networks, such as packet structure, modulation, preamble/SFD, etc.  This standard is intended to conform to established regulations in the United States, Europe, Japan and Korea.
The EFC specification is designed to provide robust performance for HBC.  EFC transmitter is implemented with only digital circuits and needs one electrode (instead of antenna), and EFC receiver can be implemented without any blocks related to RF carrier signals (mixer, VCO, ADC/DAC, etc.).  These allows EFC device to have very low implementation complexity and low power consumption. 

There are two bands of operation centered at 16MHz and 27MHz with the bandwidth of 4MHz.  Both operating bands are for the United States, Japan, and Korea, and the operating band centered at 27MHz is for Europe.  More information regarding the regulation conformation is given in “IEEE 802.15.6 Regulation Subcommittee Report” (doc. IEEE P802.15-08-0034-12-0006).
2.1. EFC Packet Structure
The EFC packet is composed of Preamble, SFD (Start Frame Delimiter), Header, and PHY Payload (PSDU). And PHY Payload is composed of MAC Header, MAC Payload, and FCS (Frame Check Sequence).  The packet structure with PHY Header fields is shown in Figure 1.  The description of each header field is given in Table 7 of Section 2.5.
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Figure 1 – EFC Packet Structure
2.2. EFC Transmitter
EFC transmitter uses FSDT (Frequency Selective Digital Transmission) scheme; data is spread in frequency domain using frequency selective spread codes and transmitted in digital form. The dominant frequency where most of transmitting signal is distributed can be selected by using specific frequency selective spread code. The EFC transmitter is composed of following blocks as shown in Figure 2:
· Preamble Generator
· SFD/RI Generator
· Header Generator
· Serial-to-Parallel (S2P)
· FS-Spreader  [FS = Frequency Selective]
· Pilot Generator
· MUX
The generated Preamble, SFD/RI, Header, PSDU, and Pilot signals are sent to an electrode via a MUX.  Since preamble and SFD are fixed data patterns, they are pre-generated and sent ahead of the packet header and payload.  These different signals are transmitted in sequence via a MUX and the electrode. The frequency band for EFC is from 10 MHz to 50 MHz.
[image: image2.emf]
Figure 2 – EFC Transmitter Block Diagram
2.3. PHY Preamble
A preamble sequence is transmitted four times (PR1 to PR4) to ensure packet synchronization by the receiver (see Figure 3).
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Figure 3 – Preamble Field
Each preamble sequence is created by spreading a 128-bit gold code sequence via Frequency Shift Code (FSC).  FSC uses a repeated [0, 1] code, and the spreading factor (SF) is decided by the number of time FSC is repeated.  If the FSC used is [0, 1], the SF is 2, and if the FSC used is [0, 1, 0, 1], the SF is 4.  For EFC packet preamble, a SF of 4 is used.  In other words, [0, 1, 0, 1] is used for FSC operation.  The operating clock frequency is fCK.  Figure 4 show the preamble generation block diagram.
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Figure 4 – Preamble Generation Block Diagram
Table 1 shows the Gold Code Generation Polynomials, and Table 2 shows the code set used for generating preamble sequence.  Table 3 shows the FSC bit mapping used for preamble sequence generation.
Table 1 – Gold Code Generation Polynomials for Preamble
	
	Polynomial 1
	Polynomial 2

	Polynomial
	x10 + x3 + 1
	x10 + x8 + x3 + x2 +1

	Initial value
	[1:10] (0010010001)
	[1:10] (0011111010)


Table 2 – Code Set for Preamble
	Bit
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15

	Code
	1
	1
	0
	0
	0
	1
	0
	0
	1
	1
	0
	0
	1
	0
	1
	0

	Bit
	16
	17
	18
	19
	20
	21
	22
	23
	24
	25
	26
	27
	28
	29
	30
	31

	Code
	0
	1
	0
	1
	0
	0
	0
	0
	0
	0
	0
	1
	1
	0
	0
	0

	Bit
	32
	33
	34
	35
	36
	37
	38
	39
	40
	41
	42
	43
	44
	45
	46
	47

	Code
	1
	1
	1
	1
	1
	0
	1
	0
	1
	1
	1
	0
	0
	1
	0
	0

	Bit
	48
	49
	50
	51
	52
	53
	54
	55
	56
	57
	58
	59
	60
	61
	62
	63

	Code
	1
	0
	1
	1
	1
	0
	0
	1
	1
	0
	0
	0
	0
	0
	1
	0

	Bit
	64
	65
	66
	67
	68
	69
	70
	71
	72
	73
	74
	75
	76
	77
	78
	79

	Code
	1
	0
	0
	0
	1
	0
	0
	1
	0
	1
	0
	0
	0
	0
	1
	0

	Bit
	80
	81
	82
	83
	84
	85
	86
	87
	88
	89
	90
	91
	92
	93
	94
	95

	Code
	0
	1
	0
	1
	1
	1
	0
	1
	0
	1
	0
	0
	1
	1
	0
	0

	Bit
	96
	97
	98
	99
	100
	101
	102
	103
	104
	105
	106
	107
	108
	109
	110
	111

	Code
	0
	1
	0
	1
	0
	1
	1
	0
	0
	0
	0
	1
	0
	0
	1
	0

	Bit
	112
	113
	114
	115
	116
	117
	118
	119
	120
	121
	122
	123
	124
	125
	126
	127

	Code
	1
	1
	1
	0
	0
	1
	1
	1
	1
	1
	0
	0
	0
	0
	0
	1


Table 3 – FSC Bit Mapping for Preamble (@ 16MHz)
	16MHz channel
	0
	[1, 0, 1, 0]

	
	1
	[0, 1, 0, 1]


The specified preamble sequence length was chosen since it provides the desired preamble detection performance even without any RF carrier signal related blocks (mixer, VCO, ADC/DAC, etc.).  The preamble miss detection performance versus SNR is shown in Figure 5.
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Figure 5 – Preamble Detection Performance
(Data rate = 125kbps; 128 bit / 2 oversampling)
2.4. Start Frame Delimiter (SFD)
During packet reception, the receiver finds the start of the packet by detecting preamble sequence, and then it finds the starting point of the frame by detecting Start Frame Delimiter (SFD).  Unlike preamble sequence, SFD sequence is sent only once.  The SFD sequence is generated by applying FSC with SF of 4 to a 128-bit gold code sequence.  Figure 6 shows the SFD signal generation block.
By using “time offset,” the SFD field can also indicate the transmitted packets data rate.  With this “Rate Indicator” (RI), the receiver does not need to refer to the PHY header to detect the incoming packet’s data rate.  This allows the header along with the payload be transmitted at the same high data rate increasing transmission efficiency.  More about Rate Indicator is given in Section 2.7.
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Figure 6 – SFD/RI Signal Generation Block Diagram
Table 4 shows the Gold Code Generation Polynomials, and Table 5 shows the code set used for generating SFD sequence.  Table 6 shows the FSC bit mapping used for SFD sequence generation.
Table 4 – Gold Code Generation Polynomials for SFD
	
	Polynomial 1
	Polynomial 2

	Polynomial
	x10 + x3 + 1
	x10 + x8 + x3 + x2 +1

	Initial Values
	[1:10] (0101100000)
	[1:10] (0000100010)


Table 5 – Code Set for SFD
	Bit
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15

	Code
	0
	1
	0
	1
	0
	1
	1
	0
	0
	1
	0
	1
	1
	1
	0
	1

	Bit
	16
	17
	18
	19
	20
	21
	22
	23
	24
	25
	26
	27
	28
	29
	30
	31

	Code
	1
	1
	0
	1
	1
	0
	1
	1
	1
	1
	0
	0
	1
	0
	1
	0

	Bit
	32
	33
	34
	35
	36
	37
	38
	39
	40
	41
	42
	43
	44
	45
	46
	47

	Code
	0
	1
	0
	1
	1
	0
	0
	0
	0
	0
	1
	0
	0
	1
	1
	0

	Bit
	48
	49
	50
	51
	52
	53
	54
	55
	56
	57
	58
	59
	60
	61
	62
	63

	Code
	0
	1
	1
	1
	1
	0
	1
	0
	1
	1
	0
	0
	1
	1
	0
	1

	Bit
	64
	65
	66
	67
	68
	69
	70
	71
	72
	73
	74
	75
	76
	77
	78
	79

	Code
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	1
	0

	Bit
	80
	81
	82
	83
	84
	85
	86
	87
	88
	89
	90
	91
	92
	93
	94
	95

	Code
	0
	0
	0
	0
	1
	0
	1
	1
	0
	0
	1
	0
	0
	0
	0
	0

	Bit
	96
	97
	98
	99
	100
	101
	102
	103
	104
	105
	106
	107
	108
	109
	110
	111

	Code
	1
	0
	1
	1
	0
	1
	1
	1
	1
	0
	1
	1
	0
	0
	1
	0

	Bit
	112
	113
	114
	115
	116
	117
	118
	119
	120
	121
	122
	123
	124
	125
	126
	127

	Code
	0
	0
	0
	0
	0
	1
	1
	0
	1
	0
	1
	1
	0
	0
	1
	0


Table 6 – FSC Bit Mapping for SFD (@ 16MHz)
	16MHz channel
	0
	[1, 0, 1, 0]

	
	1
	[0, 1, 0, 1]


2.5. PHY Header
When DRF mode (instead of RI) is used, the Header signal is generated as shown in Figure 7.  If RI method is used, the header signal is generated by the block shown in Figure 8.  Table 7 shows the description of each PHY header field.
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Figure 7 – Header Generation Block Diagram
Table 7 – PHY Header Field Description
	Bit Position
	Field
	Length (bit)
	Values
	Description

	0 ~ 2
	Data Rate
	3
	000:  125 Kbps

001:  250 Kbps

010:  500 Kbps

011:  1 Mbps

100:  2 Mbps

101:  -
110:  -
111:  -
	PSDU data rate
(RI can also be used.

See Section 2.7.1)

	3 ~ 4
	Pilot Info
	3
	000:  0.125 ms (16 bytes)

001:  0.25 ms (32 bytes)

010:  0.5 ms (64 bytes)

011:  1 ms (128 bytes)

100:  2 ms (256 bytes)

101:  4 ms (512 bytes)
110:  no insertion
	Pilot Insertion Interval
(Section 2.7.2)

	6 ~ 7
	Sync
	2
	00, 01:  no sync

10:  frame sync

11:  Superframe sync
	Frame Sync Information

(Section 2.5.1)

	8
	D
	1
	0:  normal mode

1:  dedicated mode
	Dedicated mode
(Section 2.5.2)

	9 ~ 11
	BAN ID
	3
	000 ~ 111
	Current BAN ID

	12 ~ 15
	Reserved
	4
	-
	-

	16 ~ 23
	PSDU Length
	8
	0 ~ 255
	PSDU Length in Bytes

	24 ~ 31
	CRC8
	8
	-
	CRC value of PHY Header


2.5.1. Sync Field
This field is for synchronization between the master device and slave nodes.  When this field is set to 1x, the internal timing information is updated with the value of registers as below.

· 10 (frame sync):
updated with the pre-set values of the slot and chip count registers. (used for every downlink frame that is sent in sync with the frame period)
· 11 (superframe sync):
updated with the pre-set values of the frame, slot and chip count registers (used for Broadcast frames transmitted at a specified time in a superframe)
2.5.2. D Field
Dedicated mode allows 1:1 full bandwidth transmission between the master device and a particular slave device.  D field indicates whether the current frame is transmitted in dedicated mode or not.  Other slave devices, if any, stop any communication when this field is set to 1.  Any new device attempting to join the BAN should wait until dedicated mode ends.
2.6. S2P and FS-Spreader
S2P and FS-Spreader generates PHY Header (for RI method) and PSDU.  FS-Spreader is composed of Orthogonal coding and FSC as shown in Figure 8.
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Figure 8 – S2P and FS-Spreader Block Diagram
The data to be transmitted is created by mapping 4 bits (a symbol) from FIFO to a 16-bit chip.  Table 8 shows the symbol-to-chip mapping.  The 16-bit chip is then spread by applying FSC.  The spreading factor of FSC used determines the final data rate.  Table 9 shows the number of chips per bit for each possible spreading factor.
Table 8 – Symbol-to-Chip Mapping
	Symbol
	Data Bits
	Chip
	Symbol
	Data Bits
	Chip

	1
	0000
	1111 1111 1111 1111
	9
	1000
	1111 1111 0000 0000

	2
	0001
	1010 1010 1010 1010
	10
	1001
	1010 1010 0101 0101

	3
	0010
	1100 1100 1100 1100
	11
	1010
	1100 1100 0011 0011

	4
	0011
	1001 1001 1001 1001
	12
	1011
	1001 1001 0110 0110

	5
	0100
	1111 0000 1111 0000
	13
	1100
	1111 0000 0000 1111

	6
	0101
	1010 0101 1010 0101
	14
	1101
	1010 0101 0101 1010

	7
	0110
	1100 0011 1100 0011
	15
	1110
	1100 0011 0011 1100

	8
	0111
	1001 0110 1001 0110
	16
	1111
	1001 0110 0110 1001


Table 9 – S2P and FS-Spreader Spreading Results
	
	Chip Length
	Spreading Factor
	Spreading Sequence/Bit

	2Mbps
	16
	4
	16×4/4 ( 16 chip/bit

	1Mbps
	16
	8
	16×8/4 ( 32 chip/bit

	500kbps
	16
	16
	16×16/4 ( 64 chip/bit

	250kbps
	16
	32
	16×32/4 ( 128 chip/bit

	125kbps
	16
	64
	16×64/4 ( 256 chip/bit


2.7. Rate Indicator and Pilot Signal
2.7.1. Rate Indicator using SFD
Besides the default traditional method using Data Rate Field (DRF) in PHY header, the SFD sequence can be used to indicate the data rate of the whole incoming packet, both header and payload.  This concept is called “Rate Indicator” (RI).
With RI, as shown in Figure 9, the transmitter can introduce varying time offset when sending the SFD sequence to indicate a fixed set of information.  By detecting this time offset, the receiver can figure out what particular information is being sent.  With RI, the information delivered is the whole packet’s data rate.
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Figure 9 – Rate Indicator using SFD
A total of 24 garbage bits (all 1’s) are introduced to allow time offset in addition to 128 bit Gold code for SFD.  This sums to a total of 152 bits.  FSC with SF of 4 is applied to give the final SFD field length of 608 bits.
SFD Length = (128-bit gold code + 24 bits for time offset) × 4 = 608 bits
(1)
RI can indicate seven (7) different data rates as shown in Table 10.  RI allows both PHY header and PDSU to be transmitted at the same data rate which provides throughput efficiency, especially for high data rates.  To use RI, devices should negotiate using upper protocol any time during a session after initial handshaking.
Table 10 – SFD Time Offset and Data Rate Mapping for RI
	RI
	Data Rate

	Toffset1
	125kbps

	Toffset2
	250kbps

	Toffset3
	500kbps

	Toffset4
	1Mbps

	Toffset5
	2Mbps

	Toffset6
	Reserved

	Toffset7
	Reserved


2.7.2. Pilot Signal
To prevent loosing synchronization due to clock drift, “Pilot” sequence can be inserted in PSDU as shown in Figure 10.  The same sequence used for SFD is used for pilot, and the pilot insertion interval is indicated in the “Pilot Info” field in PHY header.  There are three pilot insertion intervals (Table 11).
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Figure 10 – Pilot Insertion in PSDU
Table 11 – Pilot Insertion Periods
	Pilot Info Field
	Insertion Period

	000
	32 byte

	001
	32 byte

	010
	64 byte

	011
	128 byte

	100
	Reserved

	101
	Reserved

	110
	No pilot insertion


2.8. Transmitter Specifications
2.8.1. Transmit Mask
A transmit spectrum mask shall be used to remove harmonics and possible interference in other bands, especially with 400MHz medical band.  The transmit power spectrum shall be less than 0 dBr (dB relative to the maximum spectral density of the signal) for 
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, where fc is channel center frequency and fBW is the channel bandwidth. The recommended transmit spectrum mask for fc=16MHz is shown in Figure 11 and the specification is given in Table 12.
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Figure 11 – Transmit Spectrum Mask (for fc=16MHz)
Table 12 – Transmit Spectrum Mask Specification (for fc=16MHz)
	Frequency (MHz)
	Mask Specification
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2.8.2. Transmit Power
The transmit power of a transmitter should be considered with both the conduction and radiation conditions.  The conduction power can be measured with earth-grounded spectrum analyzer (SA) equipment.  The ground of the transmitter shares that of the SA.  However, the radiation power measurement can be conducted in a radiation emission (RE) chamber room where the ground of the device is separated far apart from the SA.  The capacitive coupling under this condition incurs very weak return path.  Hence, the electric-field strength at the output of the transmitter is considerably decreased when compared to the conduction power measurement.

The conduction power shall be more than -12 dBm as the overall power in the frequency band.  The radiation power shall be more than -39 dBm EIRP as the overall power in the frequency band.

2.8.3. Clock Frequency Tolerance
Pilot symbol enables stable operation instead of variable clock frequency tolerance.  In the case of 64MHz clock, Table 13 shows allowed clock frequency tolerance values for 256 byte transmission according to variable data rates.
Table 13 – Clock Frequency Tolerance Example
(Variable Data Rates; 256-byte transmission)
	Pilot
Info Field
	Insertion Period
	1 Mbps
	500 kbps
	250 kbps
	125 kbps

	000
	16 byte
	(320 ppm
	(160 ppm
	(80 ppm
	(40 ppm

	001
	32byte
	(160 ppm
	(80 ppm
	(40 ppm
	(20 ppm

	010
	64 byte
	(80 ppm
	(40 ppm
	(20 ppm
	(10 ppm

	011
	128 byte
	(40 ppm
	(20 ppm
	(10 ppm
	(5 ppm

	100
	Reserved
	
	
	
	

	101
	Reserved
	
	
	
	

	110
	No pilot insertion
	(20 ppm
	(10 ppm
	(5 ppm
	(2.5 ppm


2.8.4. Transmit Timing Requirements
The timing information of the transmit signal is shown in Figure 12.  It has two timing requirements: duty cycle and rising/falling time.  Table 14 and Figure 12 show these requirements under the condition of 15pF capacitive load.
Table 14 – Transmit Timing Requirements

	Parameter
	Conditions (CL=15pF)
	Min
	Max
	Unit

	Output Duty Cycle
	Ratio of twh over (twh+twl) 
	48
	52
	%

	Rising/Falling Time
	10% to 90% of VDDTX
	2
	4
	ns


[image: image20.emf]
Figure 12 – Transmit Timing Information
2.9. Receiver Specifications
2.9.1. Receiver Sensitivity
The minimum receiver sensitivity levels shall be the levels listed in Table 15. The levels are obtained for a packet error rate (PER) of less than 1 % with a payload of 128 bytes. The measured device under the condition shows a noise figure of 10 dB and an implemented loss of 6 dB.
Table 15 – Minimum Receiver Sensitivity Level
	Data Rate (kbps)
	Minimum Receiver Sensitivity (dBm)

	125
	-112

	250
	-106

	500
	-100

	1000
	-94

	2000
	-88
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