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Introduction
This document proposes an impulse radio ultra-wideband physical layer. The proposal is inspired by the IEEE 802.15.4a standard but contains modifications to reduce the complexity and/or power consumption.
Impulse radio communication uses pulses with duration in the order of nanoseconds to transfer the data. As a result, they fall under the regulations for ultra-wide band, which allow license-free operation in a large part of the spectrum world-wide. In order to satisfy those regulations, the devices will have a very low duty cycle ratio, typically well below 10%, meaning that for most of time they don’t transmit any pulses. Impulse radios support power efficient communications by switching off the analogue circuitry when nothing is transmitted.

The scarce nature of the air interface means that impulse radio is also well suited to support simultaneous multi-user communications. By employing time hopping, collisions can be avoided. Further use of spreading codes can minimize the impact of collisions. By varying the number of pulses over which a data bit is spread, data rates can easily be traded off for range. The result is a robust system that can support many nodes in an uncoordinated fashion.
The low spectral emissions (-41.3 dBm/MHz) specified by the regulatory bodies ensures that interference from UWB devices to other apparatus is avoided. Particularly in the context of BAN, this also means that the user is exposed to very little RF energy. Thanks to the wide bandwidth available, UWB devices themselves can easily avoid interference from other devices.

The first impulse radio UWB systems were based on isolated pulses. Since every transmission requires a small start-up time to allow the circuits to settle before the transmission of the actual pulse, there is an overhead that degrades the duty cycling performance. In order to minimize this overhead, the IEEE 802.15.4a standard groups the pulses corresponding to a bit in a continuous burst.

The burst phase shift keying - burst position modulation specified in 15.4a supports a wide range of receiver architectures. At low data rates, duty cycling enables power efficient communications, while the sparse transmissions support multi-user operation. However, at higher data rates, the overhead start-up and shut-down times of the circuits start to dominate and power consumption rapidly escalates. At the same time, the guard periods become too small to avoid inter-symbol interference. In order to use the burst phase modulation mandated in 15.4a, extremely stable phase references are required.

In order to avoid these difficulties, two variations are included in this proposal. The first resembles 15.4a most closely but uses burst position modulation without the burst phase shift keying. This basic mode is intended for lower data rates and supports non-coherent energy detector receivers. A second mode uses concatenated burst modulation. By concatenating the bursts in strings, the duty cycling overhead remains constant irrespective of the data rate. Moreover, the inter-symbol interference which also affects the high data rates of 15.4a can efficiently be mitigated using frequency domain equalization. The resulting enhanced mode leads to extremely power efficient data transmission.

The PHY proposal outlined in this document is a part of IMEC’s UWB PHY/MAC proposal. The complete proposal is made of this PHY used in combination with the UWB MAC presented in doc: 15-09-0332-00-0006.
Basic packet structure

In this document, the data passed from the higher layers to the PHY for transmission is referred to as the payload. The payload can be transmitted using either burst position modulation or concatenated burst modulation. 

To assist receivers with timing recovery, transmission starts with a preamble which is modulated using isolated pulses drawn from a ternary alphabet. The preamble is followed by a burst position modulated PHY header that informs the receiver of the structure of the following payload.

[image: image1]
Timing parameters

Transmission is based upon chips with a peak repetition frequency of 499.2 MHz. The mean pulse repetition frequency (mPRF) is 15.6 MHz. Assuming a 50 Ohm load, both peak and average requirements of the FCC regulations can be met at this mPRF. Note that compared to 15.4a, only one mPRF is supported in order to reduce the complexity of the resulting transceivers.
Different data rates are supported by varying the number of chips that are combined to form a symbol.

Frequency bands

The 499.2 MHz channels defined in 15.4a will be used. Possible centre frequencies are: 

· 499.2  MHz (for devices supporting communication below 1 GHz)
· 3494.4, 3993.6 and 4492.8 MHz (for devices supporting communication in low band)
· 6489.6, 6988.8, 7488.0,  7987.2, 8486.4, 8985.6, 9484.8 and 9984.0 MHz (for devices supporting communication in the high band)
Baseband pulse shape

As in 15.4a, implementers are free to choose any pulse shape, provided that its cross-correlation with a raised cosine pulse with roll-off factor 0.6 exceeds 80% in the main lobe and remains below 30% in any side-lobes.
Preamble

The preamble symbol consists of a synchronization header (SYNC) with repetitions of a ternary length 31 code. Four repetition lengths are supported: 16, 64, 1024 and 4096. The synchronization header is followed by a start of frame delimiter that signals the transition from the preamble to the PHY header.

	Code index
	Preamble codes

	1
	 -0000+0-0+++0+-000+-+++00-+0-00

	2
	 0+0+-0+0+000-++0-+---00+00++000

	3
	 -+0++000-+-++00++0+00-0000-0+0-

	4
	 0000+-00-00-++++0+-+000+0-0++0-

	5
	 -0+-00+++-+000-+0+++0-0+0000-00

	6
	 ++00+00---+-0++-000+0+0-+0+0000

	7
	 +0000+-0+0+00+000+0++---0-+00-+

	8
	 0+00-0-0++0000--+00-+0++-++0+00


Table 1 Preamble codes
The length 31 codes from 15.4a are used and listed in Table 1. Different codes can be used to allow multiple users to communicate in the same channel simultaneously. The preamble symbols are formed by transmitting the chips from codes from above separated by 15 silent chips.

The start of frame delimiter (SFD) consists of the sequence [0 +1 0 -1 +1 0 0 -1] spread by the preamble symbol.

Power consumption during synchronisation
The shorter codes are meant to be used before actual data transmissions. The longer codes are intended for use as beacons by the master. Taking into account the mPRF of 15.6 MHz, a preamble symbol will take roughly 1 s. 4096 symbols corresponds to about 4 ms. Assuming the receiver averages over 4 symbols, it needs to switch on 4 s every 4 ms, a duty cycle ratio of 1/1000. For example, if the power consumption of the receiver during its on period is 50 mW, the power consumption during synchronization will average to 50 W.

PHY header

The PHY header informs the receiver of the length and data rate of the payload. There will be 12 data rates, so 4 bits are required. The payload can range between 0 and 256 bytes, so 9 bits are required to encode the length of the payload. Together, these two form a 13 bit sequence. In order to allow the receiver to correct any errors in the sequence, they will be protected by the single error correction, double error detection (SECDED) Hamming code which is also used in 15.4a.

The PHY header will always be transmitted in mode 1.2 (0.85 Mbps), unless the payload is using mode 1.1 (0.11 Mbps), in which case the PHR will also be encoded using mode 1.1.
Forward error correction

The RS6(63,55) systematic Reed-Solomon code used in 15.4a is also used here to allow receivers to improve their performance. Note that since the code is systematic, decoding the code is optional. Implementers may choose to simply ignore the information contained in the parity bits. 
Burst position modulation

The burst position modulation is essentially the modulation method defined in 15.4a where the convolutional parity bit that determines the burst phase is ignored.


[image: image2]
Figure 1 Burst position modulation, symbol structure

A symbol consists of 4 sets of 8 possible burst positions. Depending on whether a ‘0’ or ‘1’ is to be transmitted, the active burst is located in the 1st or 3rd set. Sets ‘2’ and ‘4’ are intended as guard intervals and never contain active transmissions. In 15.4a, this corresponds to Nburst=32, Nhop=8. This is illustrated in Figure 1.
The burst position within the set and the actual burst sequence are derived from the same linear feedback shift register used in 15.4a.
Six modes are defined, where each mode has a different number of chips per burst (Ncpb) and consequently a different data rate. This are listed in Table 2.
	Mode
	Mean PRF
	Nhop / Nburst
	Ncpb
	Data rate

	1.1
	15.6 MHz


	8 / 32
	128
	0.11 Mbps

	1.2
	
	
	16
	0.85 Mbps

	1.3
	
	
	8
	1.70 Mpbs

	1.4
	
	
	4
	3.40 Mbps

	1.5
	
	
	2
	6.81 Mbps

	1.6
	
	
	1
	13.6 Mbps


Table 2 Burst position modulation, data rates
Performance

One of the simplest detectors that supports reception of burst position modulated signals is an energy detector that compares the energy in both possible burst positions. Simulations have been carried out to estimate the performance of BPM in BAN using the channel models provided. In the simulations, the receiver has perfect channel knowledge and synchronizes to the strongest channel tap. The bit error rate after decoding the Reed-Solomon code is shown in Figure 2. 
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Figure 2 Burst position modulation, bit error rate
Whilst the performance at lower data rates is acceptable, higher data rates suffer from an error floor. Because the higher data rates are achieved by reducing the length of the guard interval, inter-symbol interference corrupts the data.
In order to calculate the range in accordance with the procedure specified in the technical requirements document, the packet error rates in the 95% best channels is shown in Figure 3.
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Figure 3 Burst position modulation, packet error rate

The technical requirements document then specifies that the signal-to-noise ratio used for the range requirements is the value where the packet error rate is below 5% (indicated by the blue line in Figure 3).

In order to calculate the range, the following assumptions are used:

· Total TX power 0 dBm,

· 0 dB antenna gain,

· Thermal noise -86 dBm (500 MHz bandwidth, 30 degrees Celsius)

· Receiver noise figure 12 dB

· Further implementation losses 2 dB

In accordance with the channel modeling document, the path loss for CM3 follows from

PL [dB] = 19.2 * log10(d [mm]) + 3.38

For CM4, the channel modeling document prescribes that the free space path loss should be used. Hence, a path loss exponent of 2 is chosen. As centre frequency, 6 GHz was selected. Devices that operate at higher frequency will have a slightly smaller range, while devices operating in the lower bands will have a better range.
The resulting range estimates are given in Figure 4. On-body (CM3), communications up to 6.81 Mbps are achievable for distances up to 18 cm. The 110 kbps rate can support communication up to 5 meter. From on-body to off-body, this data rate supports communications up to 22 meter.
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Figure 4 burst position modulation, range estimates

	Mode
	Ncpb
	Data rate
	Avg. TX Power
	Avg. RX Power
	Avg. TX power
	Avg. RX power

	
	
	
	50 mW, 50 ns start-up
	50 mW, 100 ns start-up
	36 mW, 17 ns start-up
	44 mW, 22 ns start-up

	1.1
	128
	0.11 Mbps
	2.0 mW 
 
	4.6 mW
	1.2 mW
	3.0 mW

	1.2
	16
	0.85 Mbps
	4.3 mW 
 
	13.3 mW
	1.8 mW
	5.0 mW

	1.3
	8
	1.70 Mbps
	7.0 mW 
 
	23.0 mW
	2.5 mW
	7.1 mW

	1.4
	4
	3.40 Mbps
	12.1 mW 
 
	41.5 mW
	3.7 mW
	11.1 mW

	1.5
	2
	6.81 Mbps
	21.1 mW 
 
	47.6 mW
	5.9 mW
	18.2 mW

	1.6
	1
	13.6 Mbps
	35.7 mW 
 
	45.9 mW
	9.5 mW
	29.8 mW


Table 3 burst position modulation, power consumption
In order to get an idea of the power consumption of the burst position modulation method, two systems are considered in the Table 3. The first is a more conservative system where both the transmitter and receiver consume 50 mW when active. The transmitter has a start-up time of 50 ns and the receiver requires 50 ns. The second system uses a state-of-the-art circuits that have been optimized for power consumption and start-up behavior. As a result, the transmitter requires only 36 mW and is able to start up in 17 ns, while the receiver consumes 44 mW when active and starts up in 22 ns. Note that the results below assume a synchronization field of 16 symbols. SFD and PHR are also taken into account.
Table 3 clearly shows how duty-cycled impulse UWB enables low power communication at low data rates. However, at high data rates, bursts become shorter and the overhead of the start-up time starts to dominate.

Concatenated burst modulation

Both the increasing power consumption and the worsening ISI that degrade the performance of BPM at higher data rates stem from the fact that higher data rates are achieved by reducing the burst lengths. 

In order to overcome these problems, a number of bursts can be concatenated to form a string. The length of the string is kept constant and higher data rates are achieved by concatenating more, shorter bursts in a single string. That way, the duty cycling ratio remains identical, irrespective of the data rate.

Of course, concatenation will lead to inter-symbol interference. However, if the length of the string is kept relatively short, frequency domain equalization is an efficient way to remove the ISI. The silent portions surrounding the string can act as cyclic prefixes, while the guard intervals between the strings can be chosen such that interference between strings is avoided.
To get an idea of the power consumption of concatenated burst modulation, let’s first consider the conservative system where both transmitter and receiver consume 50 mW and start up in 50 and 100 ns respectively. For the same number of active chips, the transmit power consumption will be the same. However, the receiver needs to switch on only once, rather twice to check both possible burst positions. The result is a much more efficient use of the RF circuits, resulting in average power consumption around 5 to 6 mW.
	String length
	Avg. TX Power
	Avg. RX Power
	FFT size
	FFT power
	Total

	32
	2.8 mW
	4.1 mW
	64
	0.4 mW
	7.3 mW

	64
	2.3 mW
 
	2.9 mW
	128
	1.0 mW
	6.2 mW

	128
	2.0 mW
	2.3 mW
	256
	2.2 mW
	6.5 mW

	256
	1.7 mW
	1.9 mW
	512
	5.0 mW
	8.6 mW


Table 4 Concatenated burst modulation, power consumption estimate

Of course, this gain in the analogue circuitry is only sensible if the power consumption of the extra digital processing required does not exceed the gain in the RF. Here, the cost of the frequency domain equalizer will be considered. From 09-0181-03, it is known that the cost of an FFT with block size 512 is 5 mW. Taking into account that the FFT complexity scales as N*log(N), the power consumption for the other block sizes can be calculated.
For the state-of-the-art circuits where the transmitter consumes 36 mW and starts up in 17 ns, and the receiver consumes 44 mW with a start-up time of 22 ns, the above table becomes
	String length
	Avg. TX Power
	Avg. RX Power
	FFT size
	FFT power
	Total

	32
	1.4 mW
	1.9 mW
	64
	0.4 mW
	3.7 mW

	64
	1.3 mW
 
	1.7 mW
	128
	1.0 mW
	4.0 mW

	128
	1.2 mW
	1.5 mW
	256
	2.2 mW
	4.9 mW

	256
	1.2 mW
	1.4 mW
	512
	5.0 mW
	7.6 mW


Table 5 Concatenated burst modulation, power consumption estimate
Table 4 and Table 5 show that concatenated burst modulation enables extremely power efficient communication. In both cases, the combination of string length 64 and FFT length 128 results in the best power consumption and stays well below 10 mW. 
Concatenated Differential Burst Phase Shift Keying

A first method of modulating information within the string is to encode the data in the phase difference between successive bursts. In order to avoid the costly accurate timing references to maintain phase stability from string to string, each string starts with a reference burst. Based on the power consumption estimates from above, the string length is chosen to be 64 chips. 

	Mode
	Mean PRF
	Ncpb
	Ncps
	Modulation
	Data rate

	2.1
	15.6 MHz


	16 
	64
	DBPSK


	0.64 Mbps

	2.2
	
	8 
	
	
	1.5 Mbps

	2.3
	
	4
	
	
	3.2 Mbps

	2.4
	
	2
	
	
	6.6 Mbps

	2.5
	
	1
	
	
	13.4 Mbps

	2.6
	
	1
	128
	OOK
	27.2 Mbps


Table 6 Concatenated burst modulation, data rates
Concatenated On-Off Keying
On-off keying is another method of encoding the data in a string. Compared to DBPSK, it has the advantage that only half of the bursts are active. This can be used to double the string length, resulting in twice the data rate for the same mPRF. However, compared to DBPSK, OOK suffers from more sensitivity to noise and inter-symbol interference and the practical issue of determining the optimal threshold. As a result, DBPSK generally delivers a better throughput than OOK. Therefore, OOK is only included as an option to increase the highest data rate.

Burst position and sequence

The baseband symbol consists of 4 sets of 8 possible string positions. The slots have a duration of 64 chips, also in the concatenated OOK mode. In order to maximize the guard interval between strings, the strings rotate between slots 1, 2, 3, 4 and then back to 1, 2, …

Each slot consists of 8 possible string positions. The position in which the string will begin is chosen from the output of the linear shift register at the start of the string, in the same manner that the burst position is chosen in the BPM modes. In case of concatenated OOK transmission, the string will continue and also occupy the following position.
The burst sequence is obtained by clocking the linear shift register for the duration of the string.
Performance

The performance of the concatenated burst modulation schemes has been evaluated using channel models CM3 and CM4 provided by the channel modeling subcommittee. The receiver has perfect channel knowledge and uses this to calculate the coefficients of a minimum mean square error (MMSE) frequency domain equalizer. The bit error rate after decoding of the Reed-Solomon code is shown in Figure 5.
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Figure 5 Concatenated burst modulation, bit error rate

In order to calculate the range in accordance with the procedure specified in the technical requirements document, the packet error rates in the 95% best channels is shown in Figure 6. Note that the equalizer ensures that the performance is pretty constant, irrespective of the actual channel used. Even the error floor of CM4-4 in the BER figure has very little impact on the PER. Therefore, in the following, the performance of all CM4 channels will be grouped.
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Figure 6 Concatenated burst modulation, packet error rate
The technical requirements document then specifies that the signal-to-noise ratio used for the range requirements is the value where the packet error rate is below 5% (indicated by the blue line in the figure).

In order to calculate the range, the following assumptions are used:

· Total TX power 0 dBm,

· 0 dB antenna gain,

· Thermal noise -86 dBm (500 MHz bandwidth, 30 degrees Celsius)

· Receiver noise figure 12 dB

· Further implementation losses 2 dB

In accordance with the channel modeling document, the path loss for CM3 follows from

PL [dB] = 19.2 * log10(d [mm]) + 3.38

For CM4, the channel modeling document prescribes that the free space path loss should be used. Hence, a path loss exponent of 2 is chosen. As centre frequency, 6 GHz was selected. Devices that operate at higher frequency will have a slightly smaller range, while devices operating in the lower bands will have a better range.

The resulting range estimates are given in Figure 7.  It clearly shows how the benefit of including the frequency domain equalization. The 27.2 Mbps mode is supported over 48 cm on-body and 2.2 m from on-body to off-body. For the 640 kbps mode, these values are 5 and 27 m respectively. For all modes, the average power consumption remains constant and well below 10 mW.
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Figure 7 Concatenated burst modulation, range estimates.

Conclusions

This document has proposed an impulse-radio ultra-wideband physical layer for consideration by TG6. The basic mode uses burst position modulation and supports 110 kbps and 850 kbps transmission to non-coherent receivers with an average PHY power consumption around 5 – 20 mW.  Using concatenated burst modulation, the enhanced mode enables communication up to 27.2 MHz with PHY power consumption below 10 mW average. The preamble is designed such that synchronization will consume a few tens of micro-Watts.
The PHY proposal outlined in this document is a part of IMEC’s UWB PHY/MAC proposal. The complete proposal is made of this PHY used in combination with the UWB MAC presented in doc: 15-09-0332-00-006.
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