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1 
 Acronyms and Abbreviations
BAN
Body Area Network. 

BCH
Bose, Ray-Chaudhuri, Hocquenghem Code

FM-UWB
Frequency Modulation Ultra-Wide Band.
IR-UWB
Impulse Radio Ultra-Wide Band.
PLCP
Physical Layer Convergence Procedure.

DAA
Detect And Avoid.
PPDU
PHY Protocol Data Unit.

SHR
Synchronization Header
PHR
PHY Header

PSDU
PHY Service Data Unit.

CCA
Clear Channel Assessment

FFD
Full Function Device

RFD
Reduced Function Device

EIRP
Equivalent Isotropically Radiated Power

SAP
Service Access Point

HARQ
Hybrid Automatic Repeat Request
MPDU
MAC Protocol Data Unit
LFSR
Linear Feedback Shift Register

LSB
Least Significant Bit

MSB
Most Significant Bit

MICS
Medical Implant Communication Service

VCO
Voltage Control Oscillator
2 General Description
The ultra wideband (UWB) PHY specification is designed to provide robust performance for BANs. UWB transceivers allow low implementation complexity (critical for low power consumption). Moreover, the signal power levels are in the order of those used in the MICS band, for example, safety power levels for the human body and low interference to other devices. 
The UWB PHY provides three levels of functionality: 

1) UWB PHY gives a frame exchange between the MAC and PHY under the control of the physical layer convergence procedure (PLCP) sub-layer. Such PLCP constructs the PHY layer protocol data unit (PPDU) by concatenating the preamble synchronization header (SHR), physical layer header (PHR) and physical layer service data unit (PSDU), respectively. 
2) The PLCP sub-layer converts the bits of information of PPDU into RF signals for the wireless media. 

3) UWB PHY provides clear channel assessment (CCA) indication to the MAC in order to verify activity on the wireless media.
2.1 Modes of operation

In order to ensure interoperability, a mandatory mode is required. Therefore, a compliant UWB PHY shall support the following:

- One mandatory FEC (see 5.3).

- One mandatory preamble (see 7).

- One mandatory data rate (see 9).

- One mandatory modulation (see 11.3).
- One mandatory center frequency in the low band and high band of UWB (see 12.1).

- One mandatory bandwidth (see 14).


- One mandatory HARQ in the high QoS mode (see 16).

2.1.1 High QoS mode
Applications with high QoS mode shall employ the differentially coherent PHY and HARQ. 
2.2 Rules for use of modes and options
The UWB band is divided into two band groups: low band and high band (see 12). A compliant UWB device shall transmit in at least one of the specified band groups. The low band and high band are allocated into operating frequency channels as shown in table 10. The implementer is free to select any frequency channel for implementation. However, a UWB device that implements the low band shall support channel 3. The rest low-band channels are optional. A UWB device that implements the high band shall support channel 7. The rest of high-band channels are optional.
There are two types of pulse shape waveforms supported:

a) A concatenation or burst of short pulses.
b) Long pulse waveforms. 
There is not a mandatory pulse shape. However, implementers can choose a pulse shape from a pool of pulse shape waveforms (see 15).  
On the other hand, all beacon preambles are transmitted at the mandatory data rate during association. For synchronization, the preamble consists of repetitions of Kasami sequences of length 63. Such preamble can be used for non-coherent and differentially coherent detectors.  
 A combination of on-off signaling with 64-ary waveform coding and differentially encoded binary/quaternary phase shift keying modulation schemes are used to support non-coherent and differently coherent transceivers.  Different data rates are obtained by changing pulse waveform duration and modulation scheme (while maintaining the same data rate).  On-off signaling (non-coherent modulation) is mandatory and DBPSK/DQPSK (differentially coherent modulation) is optional for the default mode. In the high QoS mode, DBPSK/DQPSK (differentially coherent modulation) is mandatory and on-off signaling (non-coherent modulation) is optional.
FEC is mandatory for the transmission of PHR and PSDU, but optional during association (transmission of beacons). Moreover, FEC decoding is optional at the receiver for the PSDU, as systematic encoding is employed. That is, a receiver simply would ignore parity bits. 

3 Definitions of FFDs (coordinators) and RFDs (devices)

Full function devices (FFDs) shall have an IR-UWB radio or IR-UWB plus FM-UWB radios. 

Reduced function devices (RFDs) shall have an IR-UWB radio or FM-UWB radio. 

Only FFDs shall send beacon frame and coordinate beacon-enabled networks. 

Only FFDs shall form non-beacon enabled networks.  

3.1 Priority of resources

Priority of resources is given around medical and non-medical applications.

Medical applications are given higher priority than non-medical applications in the form of two parameters:

1) If bandwidth of BAN is scarce, medical applications shall give higher priority than non-medical applications.

2) If medical receiver suffers degradation on sensitivity above 1 dB, the coordinator shall enforce non-medical devices to reduce EIRP at transmitters.

4  UWB Frame Format
The UWB frame format or physical layer protocol data unit (PPDU) is formed by concatenating the preamble synchronization header (SHR), physical layer header (PHR) and physical layer service data unit (PSDU), respectively as illustrated in Figure 1.
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Figure 1 - UWB PPDU structure.

The PSDU contains the payload from the MAC via SAP, which is formatted for transmission (see 5). 
The PHR contains information about the data rate of the PSDU, length of the payload, HARQ and scrambler seed. The PHR is protected with error detection parity bits CRC-4-ITU and parity bits of a FEC (shortened BCH code) appended at the end against channel errors (see 6.1 and 6.2). 

The preamble SHR is formed of repetitions of Kasami sequences. The SHR is divided into two parts. The first part is intended for coarse timing synchronization while the second part is the start frame delimiter (SFD) for frame synchronization (see 7). 

5 PSDU construction
The information bits of the PSDU are formatted for transmission. The PSDU construction process is illustrated in Figure 2. 
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Figure 2 - PSDU construction.

5.1 MPDU
The MAC provides to the PHY with the MAC protocol data unit (MPDU) that consists of MAC header (7 bytes), MAC payload (0-256 bytes) and CRC-16-ITU (2 bytes) parity bits as illustrated in Figure 3.
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Figure 3 - MPDU structure.

5.2 Scrambler 

Data whitening is applied through scrambling in order to minimize the DC bias on data if long strings of 1s or 0s are contained in the MPDU. An additive or synchronous scrambler with polynomial
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shall be employed. Figure 4 shows a typical implementation of the side-stream scrambler. The output of the scrambler is generated as:


[image: image6.wmf]]

14

[

]

13

[

]

12

[

]

2

[

]

[

-

Å

-

Å

-

Å

-

=

n

x

n

x

n

x

n

x

n

x



where “(” denotes modulo-2 addition. Table 1 defines the initialization vector (sync-word), xinit, for the additive scrambler as a function of the scrambler seed (SS) value. The sync-words are placed in the data stream through equal intervals, i.e., each frame.
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 Figure 4 — Block diagram of a side-stream scrambler

Table 1— Scrambler Seed Selection

	Scrambler Word (S)
	Initialization Vector
xinit = x[-1] x[-2] … x[-14]

	0
	0 0 1 0 1 1 1 1 0 0 1 1 0 1

	1
	0 0 0 0 0 0 0 1 0 0 1 1 1 1


The MAC shall set the scrambler word to 0 when the PHY is initialized and the scrambler word shall be incremented, using a 1-bit rollover counter, for each frame sent by the PHY. 

At the receiver, the additive de-scrambler shall be initialized with the same initialization vector, xinit, used by the transmitter. The initialization vector is determined from the scrambler seed value in the PHY header of the received frame.

5.3 Systematic BCH(63,51) encoder 
The generator polynomial for a systematic BCH (63, 51) code is given by:
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The parity bits are determined by computing the remainder polynomial 
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where 
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 are elements of GF(2). The message polynomial 
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 is the last bit of the message. The order of the parity bits is as follows: 
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Figure 5 - BCH (63,51) codeword. 
5.4 Pad bits


Pad bits sub-system shall append pad bits in order to ensure that its input bit stream aligns on a symbol boundary.  The number of pad bits is given by 
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where 
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 is the number of BCH codewords and 
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All appended pad bits shall be set to 0.  In the case of un-coded transmission, 
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 is set to zero. Notice that the total number of bits to be transmitted on the air is given by 
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5.5 Bit interleaving
In order to protect against channel fading (quasi-static or dynamic) bit interleaving is applied prior to the mapping of modulation symbols. A binary labeling function that maps blocks of bits to signal constellation symbols is already defined by the non-coherent modulation. For DQPSK modulation, it is Gray encoding. Thus, this is a form of bit-interleaved coded modulation. 

A simple algebraic interleaver that can be generated on-the-fly is defined as 
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where 
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Notice that in the last codeword, the interleaver is active only in the last remaining bits
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6 PHR construction

The PHY header (PHR) contains information about the data rate, frame length, HARQ enable, and scrambler seed. The information in the PHR is used by the receiver in order to decode the PSDU. The PHR is protected by a combination of CRC-4-ITU error detection (4 parity bits) and shortened systematic BCH (31,19) FEC coding (12 parity bits). The concatenation of PHR, CRC-4-ITU parity bits and shortened BCH(31,19) parity bits forms the PHY header.
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Figure 6 – PHR configuration.
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Figure 7 – PHR construction.
6.1 PHR information
The PHR information is formed of 15 bits as illustrated in Table 2.

 Table 2 - PHR information structure.
	Bit

0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14

	R0
	R1
	R2
	L0
	L1
	L2
	L3
	L4
	L5
	L6
	L7
	r
	H1
	H2
	S

	Data rate 
	Frame length 
	a
	 HARQ
	b


a. Reserved.

b. Reserved. 

c. Scrambler word.
The description of the different fields of the PHR is as follows:
6.1.1 Data rate

Indication of data rates (R0,R1,R2) for the non-coherent, differentially coherent and FM-UWB modulations are denoted  in tables 4, 5 and 12, respectively. 
6.1.2 Frame length
A variable frame length is indicated with eight bits (
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), i.e., from 0 to 255 octets or bytes. 

6.1.3 HARQ enable
The 13th bit H0=1 indicates HARQ enabled (see 16.3 for H1).
6.1.4 Scrambler word (sync-word)
The 15th bit indicates the sync-word for the bit scrambler as indicated in Table 1. This field shall be set up by the MAC.
6.2 PHR protection

6.2.1 CRC-4-ITU
The PLCP sub-layer shall append 4-bits from CRC-4 ITU error detection coding to the PHR information. The CRC-4-ITU shall be the 1’s complement of the remainder generated by the modulo-2 division of the PHR information by the polynomial: 
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6.2.2 Shortened BCH(31,19) encoder
The PLCP sub-layer shall append 12 parity bits from a shortened BCH(31,19) encoding (obtained from the BCH(63,51) encoder) to the PHR information and CRC-4-ITU parity bits. Thus, the same BCH encoder and decoder are used for the PSDU and PHR (see Appendix B). 

7 SHR Preamble

In order to perform coarse synchronization, data aided in the form of a preamble is employed. Such preamble is detectable for non-coherent, differential coherent receivers. Kasami sequences of length 63 shall be used as preamble for both the non-coherent and differentially coherent PHYs.  
There are eight Kasami sequences defined in table 3.  Those can be used according to the band plan and the co-existence scheme used. Notice eight logical  channels can be used per channel. 

The preamble set  shall be divided into two pools. Each pool has a set of 4 preambles. The first pool shall be used for odd number of channels . The second pool shall be used for even number of channels . The coordinator might scan all the logical channels and use the preamble with minimum received power level.

Coexistence of BANs and the interference mitigation can be achieved by virtue of the inherent duty cycling in the modulation and the preamble sequences with good correlation properties.

Table 3 – Eight Kasami sequences of length 63.
	C1
	1 1 1 1 1 1 0 1 0 1 0 1 1 0 0 1 1 0 1 1 1 0 1 1 0 1 0 0 1 0 0 1 1 1 0 0 0 1 0 1 1 1 1 0 0 1 0 1 0 0 0 1 1 0 0 0 0 1 0 0 0 0 0

	C2
	0 0 0 1 1 0 0 0 1 0 0 1 0 0 1 0 0 0 1 0 1 1 0 0 0 1 1 0 0 1 1 1 1 0 0 1 1 0 0 1 0 1 0 1 1 1 0 0 0 1 1 0 1 0 1 0 1 0 1 0 0 1 0 

	C3
	1 0 0 0 1 1 1 1 1 0 1 1 1 1 0 0 0 1 1 1 0 0 0 0 1 1 0 1 1 1 1 0 1 1 1 0 1 0 1 1 1 0 1 1 1 0 0 1 1 0 1 0 0 0 0 1 0 0 1 1 0 0 1 

	C4
	0 1 0 0 0 1 0 0 0 0 1 0 1 0 1 1 0 1 0 1 1 1 1 0 1 0 0 0 0 0 1 0 0 1 0 1 0 0 1 0 1 1 0 0 1 0 1 1 0 1 0 0 0 1 0 0 1 1 1 1 1 0 0 

	C5
	1 0 1 0 0 0 0 1 1 1 1 0 0 0 0 0 1 1 0 0 1 0 0 1 1 0 1 0 1 1 0 0 0 0 0 0 1 1 1 0 0 1 1 1 0 0 1 0 0 0 1 1 0 1 1 0 0 0 0 1 1 1 0 

	C6
	1 1 0 1 0 0 1 1 0 0 0 0 0 1 0 1 0 0 0 0 0 0 1 0 0 0 1 1 1 0 1 1 0 0 1 0 0 0 0 0 0 0 1 0 1 1 1 0 1 0 0 0 1 1 1 1 0 1 1 0 1 1 1 

	C7
	0 1 1 0 1 0 1 0 0 1 1 1 0 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 0 0 0 0 1 0 1 1 0 1 1 1 0 0 0 0 0 0 0 0 1 1 0 1 0 0 1 1 1 1 0 1 0 1 1 

	C8
	0 0 1 1 0 1 1 0 1 1 0 0 1 1 1 0 1 0 0 1 0 1 0 1 0 0 0 1 0 1 0 1 0 1 1 1 1 1 0 0 1 0 0 1 0 1 1 1 1 1 1 1 1 1 0 1 1 0 0 0 1 0 1


Notice that Kasami sequences are binary and in table 3, -1 was replaced by 0.  Every Kasami sequence is indexed by 
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The preamble SHR consists  of 
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Figure x – Construction of symbol 
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from Kasami sequence 
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For transmission, every element of the Kasami sequence shall have duration of
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The preamble symbol 
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shall use OOK modulation  for the non-coherent PHY and shall use differentially encoded BPSK modulation for the differentially coherent PHY.
7.1 Start frame delimiter

After the preamble, a start frame delimiter (SFD) is transmitted for frame synchronization. The SFD is balance, for example, when its correlation window is running through the preamble, the output is zero.  Thus, the transition of correlation from preamble to SFD does not degrade the detection of SFD. 
8 UWB symbol structure
The UWB symbol structure supports on-off signaling and DBPSK/DQPSK. Each symbol time
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 in order to enable on-off signaling.  The duty cycle factor during transmission is given by the ratio when a pulse waveform is on (
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 waveform positions are used for time hopping in order to support multi-BANs for coexistence.
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Figure 8 – UWB symbol structure.
9 Data Rates

Data rates range from 0.5 Mbps up to 10 Mbps. The mandatory data rate (uncoded) is 0.5 Mbps.

10 PSDU timing parameters  

The PSDU timing and data rate parameters are given in table 4 and 5. Notice that in case of long pulse shape waveform option, the pulse repetition frequency (number of pulses transmitted in one second) or PRF coincides with the mean PRF (number of pulses transmitted in a symbol period divided by the symbol period), because a single pulse is transmitted per symbol duration.  In case of short pulse shape option, the peak PRF is defined as the maximum rate at which a transmitter emits pulses.  This definition is not applicable for the long pulse shape option.  
Table 4 - Data rates for non-coherent modulation.
	R0,R1,R2
	PRF
	Nw
	Nhop
	Tw
	Tsym
	Sym. rate
	FEC
	Bit rate
	Ncpb
	Nguard
	P.PRF

	 
	(MHZ)
	 
	 
	nsec
	nsec
	(Msps)
	rate
	(Mbps)
	 
	
	(MHz)

	0 0 0
	0.4882
	32
	16
	64
	2048
	0.4882
	0.81
	0.3954
	32
	2
	499.2

	0 0 1
	0.9765
	32
	16
	32
	1024
	0.9765
	0.81
	0.791
	16
	4
	499.2

	0 1 0
	1.9531
	32
	16
	16
	512
	1.9531
	0.81
	1.582
	8
	8
	499.2

	0 1 1
	3.9062
	32
	16
	8
	256
	3.9062
	0.81
	3.164
	4
	10
	499.2

	1 0 0
	7.8125
	32
	16
	4
	128
	7.8125
	0.81
	6.3281
	2
	12
	499.2

	1 0 1
	15.625
	32
	16
	2
	64
	15.625
	0.81
	12.656
	1
	12
	499.2

	1 1 0
	
	
	
	
	
	
	
	
	
	
	

	1 1 1
	
	
	
	
	
	
	
	
	
	
	


Data rates corresponding to 1 1 0 and 1 1 1 are reserved. 
Table 5 – Data rates for the differentially coherent modulation.
	R0,R1,R2
	PRF
	Nw
	Nhop
	Tw
	Spr
	Tsym
	Modul.
	Sym. rate
	FEC
	Bit rate
	Ncpb
	Nguard
	P.PRF

	 
	(MHZ)
	 
	 
	nsec
	 
	nsec
	Mode 2
	(Msps)
	rate
	(Mbps)
	 
	
	(MHz)

	0 0 0
	0.4882
	32
	32
	64
	1
	2048
	DBPSK
	0.4882
	0.81
	0.3954
	32
	2
	499.2

	0 0 1
	0.9765
	32
	32
	32
	1
	1024
	DBPSK
	0.9765
	0.81
	0.791
	16
	4
	499.2

	0 1 0
	1.9531
	32
	32
	16
	1
	512
	DBPSK
	1.9531
	0.81
	1.582
	8
	8
	499.2

	0 1 1
	3.9062
	32
	32
	8
	1
	256
	DBPSK
	3.9062
	0.81
	3.164
	4
	16
	499.2

	1 0 0
	7.8125
	32
	32
	4
	1
	128
	DBPSK
	7.8125
	0.81
	6.3281
	2
	20
	499.2

	1 0 1
	15.625
	32
	32
	4
	1
	128
	DQPSK
	7.8125
	0.81
	12.656
	2
	20
	499.2

	1 1 0
	3.9062
	32
	32
	8
	7
	1792
	DBPSK
	0.558
	0.81
	0.452
	4
	16
	499.2

	1 1 1
	3.9062
	32
	32
	8
	7
	1792
	DQPSK
	0.558
	0.81
	0.904
	4
	16
	499.2


The description of the different parameters is as follows:
10.1 PRF parameter

In case of long pulse shape option, PRF indicates the number of pulses transmitted in one second. It is equal to the mean PRF (number of pulses transmitted in a symbol period divided by the symbol period) as one pulse is transmitted per symbol duration.

10.2 Pulse waveform position parameter  

It 
indicates the number of possible pulse waveform positions within a symbol time:.

10.3 Hop parameter

It gives the number of pulse waveform positions that can contain an active waveform for time hopping (
[image: image73.wmf]hop
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).

10.4 Pulse waveform duration parameter

It is the pulse waveform duration and computed as
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 . In case of the long pulse shape optionis 1.
 In case of short pulse option  is larger than 1. Notice 
[image: image79.wmf]p

T

is the pulse shape duration. 

10.5 Spreading parameter (Table 5)

It indicates the number of chips per symbol.

10.6 Symbol duration parameter

It is the PSDU symbol duration (
[image: image80.wmf]sym

T

).

10.7 Modulation mode 2 parameter (Table 5)
It indicates either differentially encoded BPSK or differentially encoded QPSK. 

10.8 Symbol rate parameter

It is the number of information symbols transmitted per second and computed as
[image: image81.wmf]sym
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10.9   FEC rate parameter

It is the channel coding rate, i.e., number of information bits divided by the number of coded bits. 

10.10 Bit rate parameter

It gives the bit rate on the air and computed as 
[image: image83.wmf]rate
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 in case of non-coherent and DBSPK modulation and 
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  in case of DQPSK.

10.11 Number of pulses parameter

It indicates the number of pulses shapes. In case of the long pulse shape option
[image: image85.wmf]cpb
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is 1.
 In case of short pulse option  is larger than 1. Notice 
[image: image88.wmf]p

T

=1/499.2 MHz in case of short pulse shape option.
10.12 
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 parameter

It is employed for the time hopping generator and computed as
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10.13 Peak PRF parameter

It is defined as the maximum rate at which a transmitter emits short pulse waveforms. This definition is applicable for the short pulse shape option only and it is not applicable for the long pulse shape option. 
11 UWB Modulations

Once the PLCP sub-layer has constructed the PPDU, i.e., PHR, SHR and PSDU, the PPDU information bits are transformed into RF signals for transmission. For that purpose, there are three modulation schemes. PPDU information bits shall be modulated by either: non-coherent modulation (see 11.3), differentially coherent modulation (see 11.4) or FM-UWB modulation (see 17).  
11.1 Scrambling for a burst of pulse shapes
In order to avoid DC bias due to long strings of short pulses with the same polarity (especially in low data rates), spectral shaping through scrambling shall be used (chip scrambling). 
A burst of short pulses shall employ the sequences indicated in table 6.
Table 6 - Static scrambling sequences.
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	1
	1

	2
	1 0

	4
	1 0 1 1

	8
	1 1 0 1 0 1 0 0

	16
	1 0 0 0 0 1 0 1 0 1 0 0 1 1 0 1

	32
	1 0 0 0 1 1 1 1 1 0 0 0 1 1 0 1 0 0 1 0 0 0 0 1 0 1 0 1 1 1 0 1


11.1.1  Optional dynamic scrambling
Optionally, the implementer may use dynamic or time-varying scrambling. In dynamic scrambling, the LFSR shall be clocked at the peak PRF of 499.2 MHz, 
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 times during each burst period.  

The time-varying scrambling sequence 
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 shall be generated from a common LFSR. The polynomial of the LFSR shall be
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.  Figure 9 shows a typical implementation of the LFSR. By the given polynomial, the corresponding scrambling sequence is generated as
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where 
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 denotes modulo-2 addition.
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Figure 9 — Block diagram of scrambling sequence and time-hopping sequence generation.

The LFSR shall be initialized upon the transmission of the first bit of the PHR. The LFSR shall not be reset after transmission of the PHR. The initial state of the LFSR shall be determined from the preamble code. The first 14 bits of the preamble code shall be loaded into the LFSR. Table 7 shows the initial state for the LFSR for each preamble code.

The LFSR shall be clocked at the peak PRF of 499.2 MHz, 
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 times during each symbol period. The scrambling sequence for the mth symbol shall be 
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Table 7 — Initial state of LFSR for scrambling sequence and time-hopping sequence generation.
	Preamble code number

(see 7)
	Initial state of LFSR 
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	0
	1 1 1 1 1 1 0 1 0 1 0 1 1 0

	1
	0 0 0 1 1 0 0 0 1 0 01 0 0

	2
	1 0 0 0 1 1 1 1 1 0 1 1 1 1

	3
	0 1 0 0 0 1 0 0 0 0 1 0 1 0

	4
	1 0 1 0 0 0 0 1 1 1 1 0 0 0 

	5
	1 1 0 1 0 0 1 1 0 0 0 0 0 1

	6
	0 1 1 0 1 0 1 0 0 1 1 1 0 1

	7
	0 0 1 1 0 1 1 0 1 1 0 0 1 1 


11.2 Time hopping sequence
The time-hopping sequence value for the m-th symbol shall be calculated as follows:

1. Generate an integer number 
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 using the left-most k shift registers (see in Figure 1) as follows: 
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where 
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. As shown Tables 4 and 5, the number of hop burst 
[image: image106.wmf]hop

N

 is always a power of two, and consequently k is always an integer.

2. Calculate the following relevant parameters (or use a look-up table): 
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 can be pre-computed for each data rate. 

The parameter 
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 shall be computed as 
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where 
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 is the maximum expected delay spread of channel. 

Values of 
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  are provided in table 3 and 4 for 
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=128 nsec.
3. Finally generate the time-hopping sequence value for the m-th symbol as follows:
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11.3 Non-coherent Modulation
The non-coherent PHY uses on-off signaling (on-off modulation in combination with 64-ary waveform coding). Such modulation strategy assigns 
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information bits from an alphabet of size 
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with a coded-pulse sequence of length  (half rate) from a code set alphabet of the same size. This represents the concept of the proposal Group PPM (GPPM).
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Figure 10 – Non-coherent modulation/demodulation flow diagram.

11.3.1 Symbol mapper at half rate 

A data symbol contains 6 bits 
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 as indicated in Table 8.  
Table 8 – Symbol mapper for 64-ary waveform-coding.
	Data symbol 
decimal
	Data symbol binary
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	0
	000000
	000000111111
	32
	100000
	100110001011

	1
	000001
	000011011011
	33
	100001
	100101011010

	2
	000010
	000011101101
	34
	100010
	100100101110

	3
	000011
	000111000111
	35
	100011
	100011101010

	4
	000100
	001001010111
	36
	100100
	100001001111

	5
	000101
	011001110100
	37
	100101
	100001111100

	6
	000110
	000111111000
	38
	100110
	100100010111

	7
	000111
	000011110110
	39
	100111
	100010011101

	8
	001000
	000110011110
	40
	101000
	011011000101

	9
	001001
	000110110011
	41
	101001
	011011101000

	10
	001010
	001100011011
	42
	101010
	011101000110

	11
	001011
	101010010011
	43
	101011
	011101011000

	12
	001100
	011001001011
	44
	101100
	100001110011

	13
	001101
	000101101011
	45
	101101
	011110110000

	14
	001110
	110100011001
	46
	101110
	011101100001

	15
	001111
	000101011101
	47
	101111
	011110000011

	16
	010000
	010001011110
	48
	110000
	010001100111

	17
	010001
	010101101100
	49
	110001
	110010100110

	18
	010010
	001111010001
	50
	110010
	010010101011

	19
	010011
	001111100100
	51
	110011
	010010010111

	20
	010100
	001011011100
	52
	110100
	010100001111

	21
	010101
	001111001010
	53
	110101
	010100110101

	22
	010110
	001110101001
	54
	110110
	010010111100

	23
	010111
	001011100011
	55
	110111
	010011110001

	24
	011000
	011110001100
	56
	111000
	011000011101

	25
	011001
	001010001111
	57
	111001
	011000110011

	26
	011010
	001001111001
	58
	111010
	010111100010

	27
	011011
	001001101110
	59
	111011
	011011010010

	28
	011100
	001010111010
	60
	111100
	010100111010

	29
	011101
	001100110110
	61
	111101
	010101010011

	30
	011110
	001010110101
	62
	111110
	010111010100

	31
	011111
	101100100101
	63
	111111
	010111001001


11.3.2 Pulse shaping
After the symbol mapper and SHR insertion, the pulse shaping shall place a pulse waveform when an input bit is 1, according to the UWB symbol structure and absence of a pulse waveform when an input bit is 0. Thus, the transmitting signal is given by 
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where 
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  is the -th transmitting symbol, 
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 is the symbol time, is a time hopping sequence for the 
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The pulse waveform has duration
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in case of a long pulse shape waveform and 
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is the pulse shape,
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shall be set to 0.  
11.3.3 Detection

On-off signaling does not require defining a threshold for detection as in on-off demodulation. The implementer is recommended to employ soft-detection. Soft detection can be either the correlation of the received signal with every sequence in the codebook at time lag zero or minimum Euclidian distance detection (see Appendix A).
11.4 Differentially coherent modulation
The differentially coherent modulation uses differentially encoded BPSK/QPSK. 
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Figure 11 – Differentially coherent modulation/demodulation flow diagram.
11.4.1 DBPSK/DQPSK

The PPDU information bits shall be differentially encoded such that the PSK transmitting symbols are given by 
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-th differentially encoded BPSK or QPSK symbol,
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 Such symbol carries either one bit of information (differentially encoded BPSK) or two bits of information (differentially encoded QPSK). The mapping between information bits onto 
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 is given in tables 9 and 10.
Table 9 - Mapping of information bits onto 
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Table 10 – Mapping of information bits onto 
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11.4.2 Pulse shaping
After the generation of DBPSK/DQPSK symbols, the pulse shaping shall place a pulse waveform according to the UWB symbol structure. Thus, the transmitting signal is given by 
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where
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is the -th transmitting symbol, 
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 is the symbol time, is a time hopping sequence for the 
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-th BAN and 
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is the pulse waveform given by 
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The pulse waveform has duration
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in case of a long pulse shape waveform and 
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11.4.3 Differentially encoded PSK modulation with spreading

In order to enhance interference rejection, two data rates use differentially encoded BPSK/QPSK with spreading.  The differentially encoded symbols are given by 
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where 
[image: image184.wmf])

(

i

b
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12 Operating frequency bands 
The UWB band is divided into two band groups: low band and high band as shown in table 11. A compliant UWB device shall transmit in at least one of the specified band groups.

The low band and high band are divided into operating frequency channels as shown in table 11. A UWB device that implements the low band shall support channel 2. The remaining low-band channels are optional. A UWB device that implements the high band shall support channel 7. The remaining high-band channels are optional.
Table 11 – UWB PHY band allocation.

	Band

group
	Channel

number
	Central

frequency

(MHz)
	Bandwidth

(MHz)
	Channel

attribute

	Low band
	1
	3494.4
	499.2
	Optional

	
	2
	3993.6
	499.2
	Mandatory

	
	3
	4492.8
	499.2
	Optional

	High band
	4
	6489.6
	499.2
	Optional

	
	5
	6988.8
	499.2
	Optional

	
	6
	7488.0
	499.2
	Optional

	
	7
	7987.2
	499.2
	Mandatory

	
	8
	8486.4
	499.2
	Optional

	
	9
	8985.6
	499.2
	Optional

	
	10
	9484.8
	499.2
	Optional

	
	11
	9984.0
	499.2
	Optional


13 Clock accuracy and central frequency alignment

A UWB transmitter shall have a clock accuracy of 
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20 ppm. That is a PRF accuracy of 
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20 ppm for the long pulse shape waveforms and peak PRF accuracy of 
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20 ppm for short pulse shape waveforms. Furthermore, the central frequencies of the band plan shall have an accuracy of 
[image: image190.wmf]±

20 ppm.
14 Transmit spectrum mask

The transmit spectrum shall be less than -10 dBr (dB relative to the maximum spectral density of the signal) for  
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Notice that 
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=2 nsec. For example, the transmit spectrum mask for channel 7 (
[image: image195.wmf]=
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7987.2 MHz) is shown in figure 12. The transmit spectrum mask shall be fulfilled by the non-coherent, differentially coherent and FM-UWB PHYs. 
Figure 12 - Transmit spectrum mask for band 9.

15 Pulse Shape Waveform

There is not a mandatory pulse shape. However, the pulse waveform duration and PRF are mandatory according to the timing parameters of tables 4 and 5 in case of long pulse shape option. In case of short pulse shape option, the pulse waveform duration and peak PRF are mandatory according to the timing parameters of tables 4 and 5. Notice pulse shape waveforms have to fulfill the transmit spectrum mask (see 14) and regulatory spectral mask where applicable. 

15.1 Short pulse waveforms
A complaint short pulse shape waveform,
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of at least 0.8 in the main lobe. Such cross-correlation is defined as 
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, respectively. The reference pulse (having the square root raised cosine spectrum) shall be given by
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The roll-off factor shall be set to
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Figure 13 – PSD of 
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satisfying the transmit spectrum mask.
15.2 Chirp pulse waveform
A compliant chirp pulse waveform in baseband complex representation shall satisfy the following equation:
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where
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 is the pulse duration defined in tables 4 and 5. 
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The chirp’s instantaneous frequency,
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 is the constant chirping slope that corresponds with the ideal linear chirp and given by
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An example of a compliant instantaneous frequency function for 
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Figure 14 - Example of a window function for 
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Figure 15 – Example of an instantaneous frequency function for
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Figure 16 –Power spectral density of chrip pulses fullfiling the transmit spectral mask.
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15.3 Chaotic pulse waveform

Chaotic pulses are near constant envelope signals that are produced by the concatenation of four different triangular or sawtooth waveforms. The sum of these triangular or sawtooth waveforms feeds a voltage controlled oscillator (VCO). This is similar to frequency modulating a carrier signal with the concatenation of the triangular signals. The center frequency of the oscillator is directly proportional to the DC offset of the VCO. 
[image: image248.wmf]
Figure 17 - Chaos waveform generator using triangular waveform

The duration of the triangular pulses and the peak to peak amplitudes are chosen to achieve the 500 MHz bandwidth. The period of the four triangular pulses are chosen as 3, 19, 53 and 59 nsec respectively. Amplitudes are chosen in the ratio of 0.5, 0.2, 0.8, 1 respectively. This summation results in a spectrum shape with 10 dB bandwidth of 500 MHz. The spectrum of the chaotic pulse waveform is shown in figure 18.

[image: image304.png]Power Spectral Density

Powerffrequency (dB/Hz)

Frequency (GHz)




Figure 18 – Power spectral density of chaotic pulses with 10 dB bandwidth of 500 MHz.
16 Hybrid Type II ARQ Mechanism
This configuration is based on invertible codes. Assuming systematic codewords (codewords consist of information bits plus parity bits), a code is said invertible when a decoder can recover the information bits by an inversion process of parity bits. 
Packets detected in error by a cyclic redundancy code (CRC) are not discarded, but rather stored for posterior use. This HARQ scheme requires storing a packet at the transmitter and receiver. Codewords are form by information bits and parity bits of the same length. Packets are created by information bits only or parity bits only. The mechanism of retransmission is alternate repetitions of packets with the information bits or packets with parity bits at the time. The retransmissions continue until the information bits are finally recovered either by inversion or decoding process or a maximum number of retransmission is reached. 

Figure 19 shows the flow diagram of HARQ Type II with invertible codes. As HARQ requires the interaction of PHY and MAC, the part of the MAC mechanism for HARQ is described in Section 7.12.2 of the TG6 Draft Document P802.15-10-0245-04-0006. The part of the PHY mechanism is through FEC coding, decoding, FEC inversion and storage of a packet. 
16.1 Error detection codes

The cyclic redundancy check code is defined in the MAC document P802.15-09-0196-02-0006. In figure 18, the CRC encoding for parity bits is represented as
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16.2 Invertible codes 

In figure 8, the FEC encoding for parity bits is represented as
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. The FEC decoding is given by
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 and FEC inversion of parity bits to retrieve information bits 
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16.3 PHR iteration
When HARQ is enabled, the fields (H0,H1) in the PHR are set to (1,0). Information bits (
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) and its FEC parity bits (
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P

) form two packets, which are stored at the transmitter. The transmitter starts in state 0 (table 11) and only sends
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. In case of successful reception, the MAC will send an ACK.  Thus the transmitter flushes the stored
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, 
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 and it starts a new transmission. In case of unsuccessful reception (NACK in figure 19), table 12 illustrates the algorithmic flow of HARQ. 

Table 12 – Flow of H0,H1 and Rx action in case of packet failure (NACK).
	State
	H0
	H1
	Tx
	Rx  Action

	0
	1
	0
	Send 
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	If CRC fails 
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	1
	1
	1
	Send 
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	If CRC and FEC decoding fails 
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	2
	1
	0
	Send 
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	If CRC and FEC decoding fails 
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(H0=0,H1=0)  HARQ is disable. (H0=0,H1=1) is reserved.
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 Figure 19 – Flow diagram of HARQ Type II with invertible codes.
17 FM-UWB PHY
FM-UWB is an optional PHY targeting low data rate medical BAN.  FM-UWB exploits high modulation index analog FM to obtain an ultra-wide signal. Frequency modulation has the unique property that the RF bandwidth BRF is not only related to the bandwidth fm of the modulating signal, but also to the modulation index 
[image: image267.wmf]b

 that can be chosen freely. This yields either a bandwidth efficient narrow-band FM signal (
[image: image268.wmf]b

<1) or a ultra wideband signal (
[image: image269.wmf]b

 >> 1) that can occupy any required bandwidth. 

FM-UWB constitutes an analog implementation of a spread-spectrum system. This constant-envelope approach, where peak power equals average power, yields a flat spectrum with steep spectral roll-off. After wideband FM demodulation (analog instantaneous de-spreading) in the receiver, the FM-UWB radio behaves like a narrowband FSK radio from a synchronization and detection point-of-view. FM-UWB technology combines low complexity with robustness against interference and multipath. The following sub-sections present the FM-UWB system and its properties.

17.1 Data rates

The data rates indicated in the PHR are defined in table 13. The mandatory data rate (uncoded) is 250 kbps.
Table 13 – FM-UWB data rates.
	R0,R1,R2
	Sym. rate
	FEC
	Bit rate

	
	(ksps)
	rate
	(kbps)

	0 0 0
	31.25
	0.81
	25.31

	0 0 1
	62.5
	0.81
	50.62

	0 1 0
	125
	0.81
	101.25

	0 1 1
	250
	0.81
	202.5


Data rates corresponding to 100, 101, 101, 111 are reserved. 
17.2 System characteristics
FM-UWB radios shall satisfy the system characteristics defined in table 14. Operation shall be according to the frequency band plan of table 10 (see 12).  Moreover, FM-UWB shall satisfy the transmit spectrum mask of Section 14. 
17.3 Preamble
The preamble SHR shall be formed by the 2nd Kasami sequence defined in table 3.
Table 14 - FM-UWB system characteristics.
	Parameter
	Value

	RF center frequency                   
	6.4 – 8.7 GHz

	RF bandwidth
	500 MHz

	RF output power
	-15 dBm

	Subcarrier frequency
	1.0, 1.25, 1.50, 1.75 MHz

	Subcarrier modulation
	FSK, 
[image: image270.wmf]b

 = 1

	Raw bit rates
	31.25, 62.5, 125 and 250 kbps

	Receiver sensitivity
	<-85 dBm1

	TX, RX switching time
	< 100 
[image: image271.wmf]m

s

	RX synchronization time
	< 500 
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 at BER ≤ 10-6
17.4 Transmitter
Figure 20 provides a block diagram of the FM-UWB transmitter. The low modulation index of frequency shift keying (FSK) is followed by high modulation index of frequency modulation (FM), creating a constant-envelope UWB signal. The transmitter shall consist of a 1-2 MHz subcarrier oscillator generating a triangular signal that is FSK modulated by the transmit data. This subcarrier signal m(t) modulates the RF VCO (wideband frequency modulator), yielding a constant-envelope UWB signal with a flat power spectral density and steep spectral roll-off.
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Figure 20 - FM-UWB transmitter block diagram.

The FM-UWB signal 
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Figure 21 illustrates the power spectral density (PSD) of an ideal FM-UWB signal. The signal shall be compliant with the relevant regulatory limits. The signal power is –15 dBm (112 mVpp in a 50 
[image: image289.wmf]W

 load). The subcarrier frequency is 1 MHz and the deviation 
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D

is 250 MHz, yielding a modulation index 
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 of 250. The –10 dB bandwidth is 500 MHz. 

The subcarrier signal 
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shall modulate the RF oscillator that implements FM with high modulation index and yields a constant-envelope UWB signal with a flat PSD and steep spectral roll-off at its output. 

The PSD of a wideband FM signal is determined by and has the shape of the probability density function (PDF) of the modulating signal
[image: image293.wmf])
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. The use of a triangular subcarrier waveform, which is characterized by a uniform PDF, results in a flat RF spectrum. From an implementation point of view the triangular waveform is straightforward to generate using either analog or digital circuit techniques.

[image: image294.emf]
Figure 21 - Frequency spectrum of FM-UWB signal at 7.5 GHz center frequency.

17.5 Receiver architecture
It is recommended to demodulate the FM-UWB signal without frequency translation (no mixing). Figure 22 shows an example of a receiver block diagram.  The low complexity receiver comprises a LNA, a wideband FM demodulator, and low-frequency subcarrier filtering, amplification and demodulation circuitry. 
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Figure 22 - FM-UWB receiver block diagram.
The absence of carrier synchronization allows for fast synchronization. Due to the FM demodulation (instantaneous de-spreading) in the wideband FM demodulator, the system behaves like a narrowband FSK system where synchronization is limited by the bit synchronization time.

18 Clear Channel Assessment
The receiver may perform clear channel assessment (CCA) by using either the energy detection or preamble detection.  However, slotted aloha shall be employed. 

19 Normative References 
[1]
IEEE Std 802.15.4a™ 2007.
Appendix A

Soft detection

Assuming symbol and frame synchronization, let 
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Decision rule 1:  Correlation of the received signal with every sequence at time lag zero
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Appendix B
Shortened BCH(31,19) 

A shortened BCH(31,19) encoder is implemented from the BCH(63,51) encoder by the following process:

Take 19 information bits, then append 32 zero bits to have 51-bit message block. Encode with BCH(63,51) and remove 32 zero bits in the systematic portion of the codeword such that 31 encoded bits are transmitted. A reverse operation is applied in the decoder. 
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