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Analysis of Effective Data Rates 

Figuring maximum data throughput rate (payload rate) for 15.4a UWB PHY

B. Rolfe, August 6, 2006

Introduction

While the UWB PHY defined by the TG4a amendment to 802.15.4 (P802.15.4a) appears to provide instantaneous data rates significantly higher than the narrow band P802.15.4 PHYs, the actual throughput rate is limited, and consistent with the scope of 802.15.4.  Operational factors inherent in the way 802.15.4 is designed maximum PHY frame rate; Other factors limit the MAC utilization of the PHY frame rate, thus limiting effective data rate.  In this context, the higher instantaneous bit rates do little to improve data rate, but still have the potential to reduce interference to other services and support the LDC concept for DAA proposed in Europe.

The first section takes into account only PHY frame overhead bits, plus the minimum inter- frame spacing.  This provides a theoretical maximum PPDU/sec. The actual throughput is further limited by the overhead of the MAC service and channel access mechanisms, and overhead of the higher layers.  The 02.15.4 MAC has been studied with simulation and actual measurements, as discussed in the second section.
Maximum PHY Frame Rate

The maximum PHY frame rate is constrained by the sum of inter-frame spacing (IFS + PHY turn-around time) and PHY frame overhead. This can be seen in the following tables, which show maximum payload bit rates, based on the theoretical maximum PPDU rate possible.  

The PPDU/sec is limited by the inter-frame spacing times (IFS), turn-around interval, and the duration of synchronization header (SHR) and  PHY header (PHR) which are constant in a channel group independent of PSDU (data part) bit rate.  

The tables that follow summarize the calculations in XLS file 15-06-0370-00-004a. The calculations use the formula for PHY frame duration, inter-frame spacing, turn-around time and appropriate symbol durations from the P802.15.4a draft.  The inter-frame spacing value is defined in clause 6.1.3 of P802.15.4aD3; The turn-around time is defined by aTurnaroundTimephy, defined in clause 6.4.1 in P802.15.4.   The PPDU/sec is computed by
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(Equation 1)

Where

TSHR, TPHR,, are as given in P802.15.4aD3 clause 6.4.2.1 (in nanseconds);
TPSDU, is as given in P802.15.4aD3 clause 6.4.2.1, assuming the largest PSDU size of 127;

TIFS = (Inter-frame spacing symbols*Nominal preamble symbol time), as defined in  6.1.3 of P802.15.4aD3 as a number of preamble symbols;

TaTurnAround  is t The turn-around time is defined by aTurnaroundTimephy, as defined in clause 6.4.1 in P802.15.4, multiplied by the nominal preamble symbol time;

and symbol durations are from tables 39a,b,c.

This does not account for protocol overhead for channel access, MAC or higher layer overheads. Essentially we assume a node is transmitting the next frame as soon as the LIFS+turn-around delay is complied with, which of course is not possible in practice.  The actual throughput is much lower than shown here. These tables show that the UWB PHY is still very much a “LR-WPAN” in the low rate sense.  Also, to keep the number of combinations reasonable, we use only the shortest preamble symbol duration for each channel group (there are two or three values per group, depending on the preamble code length and PRF used): for the longer preamble length, the throughput goes down further.

For a given channel group, the preamble is sent using a constant symbol duration for all data rates except the nominal 0.11 Mb/sec, for which each symbol time is increased by a factor of 8. Likewise for each channel group the PHY header (PHR) is transmitted at the nominal data rate near 1Mb/sec, except for the 0.11 data rate where the data symbol duration is 8 times the nominal. The data part (PSDU) is sent at a bit rate equal or less than the PHR rate. Thus at the higher bit rates, the SHR+PHR overhead increases as a fraction of the total frame time.  Likewise the inter-frame spacing is based on the preamble symbol duration for the channel: at the higher bit rates the IFS and PHY frame overhead dominate the total duration. 

Summary Tables: Mb/sec at maximum PPDU/sec

	Table 1: Channel Group 1

{0:3,5:6, 8:10, 12:14}

	Nominal Bit Rate, Mbps (
	0.11
	0.85
	6.81
	27.42

	Preamble Repititions 
	Effective Bit Rate

	Payload, Mbps, 16 symbol preamble
	0.10
	0.78
	4.20
	6.09

	Payload, MBPS, 64 symbol preamble
	0.10
	0.75
	3.51
	4.73

	Payload, MBPS, 1024 symbol preamble
	0.09
	0.44
	0.81
	0.86

	Payload, MBPS, 4096 symbol preamble
	0.07
	0.19
	0.23
	0.24

	Channel Group 1, for each possible preamble length.


	Table 2: Channel Group 2

{4,11}

	Nominal Bit Rate, Mbps (
	0.11
	0.85
	6.81
	27.42

	Preamble Repititions 
	Effective Bit Rate

	Payload, Mbps, 16 symbol preamble
	0.14
	1.05
	5.61
	8.13

	Payload, MBPS, 64 symbol preamble
	0.14
	1.01
	4.68
	5.85

	Payload, MBPS, 1024 symbol preamble
	0.13
	0.59
	1.07
	1.14

	Payload, MBPS, 4096 symbol preamble
	0.10
	0.25
	0.31
	0.32

	Channel Group 2, for each possible preamble length.


	Table 3: Channel Group 3

{7}

	Nominal Bit Rate, Mbps (
	0.11
	0.85
	6.81
	27.42

	Preamble Repititions 
	Effective Bit Rate

	Payload, Mbps, 16 symbol preamble
	0.11
	0.85
	4.48
	6.43

	Payload, MBPS, 64 symbol preamble
	0.11
	0.82
	3.75
	5.03

	Payload, MBPS, 1024 symbol preamble
	0.10
	0.48
	0.88
	0.94

	Payload, MBPS, 4096 symbol preamble
	0.08
	0.21
	0.26
	0.26

	Channel Group 3, for each possible preamble length.


	Table 4: Channel Group 4

{15}

	Nominal Bit Rate, Mbps (
	0.11
	0.85
	6.81
	27.42

	Preamble Repititions 
	Effective Bit Rate

	Payload, Mbps, 16 symbol preamble
	0.14
	1.04
	5.24
	7.38

	Payload, MBPS, 64 symbol preamble
	0.14
	1.00
	4.44
	5.88

	Payload, MBPS, 1024 symbol preamble
	0.13
	0.59
	1.09
	1.16

	Payload, MBPS, 4096 symbol preamble
	0.10
	0.26
	0.32
	0.33

	Channel Group 4, for each possible preamble length.


Consideration of MAC and Higher Layer Overheads

The 802.15.4 MAC designed is optimized for low rate, low power applications. Typically, assumed duty cycle is <2%.  The 802.15.4a coexistence analysis used a worst case (for coexistence) duty cycle of 10%.  802.15.4 is not optimized for data throughput, and numerous performance analysis and simulations [see References] verify a modest throughput to raw bit rate ratio, which is well suited to low duty cycle operation.  

In operation, the maximum PPDU/sec rate is constrained by the maximum MSDU/sec which the MAC can accept and the maximum rate which the PSDUs can be fed to the PHY.  The primary   considerations affecting throughput include:

· Channel access efficiency
· MAC layer protocol efficiency
· Upper layer overheads

Upper layer overheads are outside the scope of this discussion. Likewise, the MSDU/sec maximum is constrained by the MAC service interface implementation, and other higher layer factors. For our discussion we can safely assume these factors can only further reduce effective data throughput.

For the UWB PHY the mandatory clear channel assessment (CCA) mode is ALOHA (the CCA always reports “clear” for CSMA).  Simulations of the 15.4 CSMA show that with a low back-off order, channel utilization will top out at 10% to 15%[4].  Note that MAC layer CSMA algorithm will assure some random back-off even with the “always clear” CCA mechanism.  
Numerous studies have examined the MAC overhead and resulting throughput performance. Simulations of the 802.15.4 MAC with optimized MAC parameters show that typical data throughput plateaus around 15% of the PHY bit rate, with best case around 25% of the PHY bit rate [5,6,7].  From these studies one can conclude that the actual data throughput rates achieved by an 802.15.4a  system is unlikely to exceed 15% of the PHY Mb/sec given in Table 1 through Table 4.
The UWB PHY includes an optional CAA mode based on sensing a super-imposed preamble. With the optional mode implemented, it may be possible to approach the performance for “ideal” MAC configuration, but clearly it is unlikely to exceed what has been demonstrated in the referenced studies. 

Table 5 through Table 8 show the “Ideal” expected throughput of the UWB PHY with optimal CCA/CSMA method, and what can be expected performance with only the mandatory ALOHA mode.
Summary Tables: Mb/sec at nominal PPDU/sec considering MAC

	Table 5: Channel Group 1

{0:3,5:6, 8:10, 12:14}

	Nominal Bit Rate, Mbps (
	0.11
	0.85
	6.81
	27.42

	
	Effective Throughput Rate Mb/sec

	Payload, Mbps, 16 symbol preamble
	0.10
	0.78
	4.20
	6.09

	Ideal MAC operation
	0.03
	0.20
	1.05
	1.52

	ALOHA operation
	0.02
	0.12
	0.63
	0.91

	
	
	
	
	

	Channel Group 1, for each possible preamble length.


	Table 6: Channel Group 2

{4,11}

	Nominal Bit Rate, Mbps (
	0.11
	0.85
	6.81
	27.42

	Preamble Repititions 
	Effective Throughput Rate Mb/sec

	Payload, Mbps, 16 symbol preamble
	0.14
	1.05
	5.61
	8.13

	Ideal MAC operation
	0.03
	0.26
	1.40
	2.03

	ALOHA operation
	0.02
	0.16
	0.84
	1.22

	
	
	
	
	

	Channel Group 2, for each possible preamble length.


	Table 7: Channel Group 3

{7}

	Nominal Bit Rate, Mbps (
	0.11
	0.85
	6.81
	27.42

	Preamble Repititions 
	Effective Throughput Rate Mb/sec

	Payload, Mbps, 16 symbol preamble
	0.11
	0.85
	4.48
	6.43

	Ideal MAC operation
	0.03
	0.21
	1.12
	1.61

	ALOHA operation
	0.02
	0.13
	0.67
	0.97

	
	
	
	
	

	Channel Group 3, for each possible preamble length.


	Table 8: Channel Group 4

{15}

	Nominal Bit Rate, Mbps (
	0.11
	0.85
	6.81
	27.42

	Preamble Repititions 
	Effective Throughput Rate Mb/sec

	Payload, Mbps, 16 symbol preamble
	0.14
	1.04
	5.24
	7.38

	Ideal MAC operation
	0.03
	0.26
	1.31
	1.85

	ALOHA operation
	0.02
	0.16
	0.79
	1.11

	
	
	
	
	

	Channel Group 4, for each possible preamble length.
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