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Brief Summary of the Proposed PHY 

	Modulation scheme
	DS-SS + π/2 shift BPSK

	Band division
	3 bands within FCC Mask

(Center freq.: 4, 7, and 9 GHz)

	Channel Bandwidth
	1.8GHz

	Transmit Power
	Max. -11dBm/ch.

	Max. payload bit rate
	1.0Gbps/ch.

	Receiver sensitivity
	-82.7 dBm @ 115Mbps

	Power Consumption
	10mW/ch./(sleep mode)
50mW/ch.@115Mbps (Tx mode)

150mW/ch.@115Mbps (Rx mode)


1. Introduction
 This paper proposes the novel physical layer solution for the IEEE 802.15.3 Task Group 3 and describes the characteristics of the proposed PHY, responding the criteria document [03/031] which is outlined for requirements for high rate personal area networks given in document [03/030]. In chapter 2, the overview of the proposed PHY including channel allocation, modulation scheme, acquisition method, and channel measurement is shown briefly. Next in chapter 3, the detail functions of proposed PHY are described from the viewpoint of the TG3a criteria. Chapter 4 is the self evaluation matrix which summarizes the potential of our proposed PHY. In chapter 5, we conclude this document.

2. System description

2.1. Band allocation within FCC band mask
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Fig. 1 Proposed band division

Fig. 1 shows the channel allocation of the proposed system. As illustrated in Fig. 1(a), the proposed system employs three sub-bands each of which has a bandwidth of 2GHz within the 3.1GHz-10.6GHz frequency range of the FCC spectrum mask. In anticipation of the future widespread use of 5GHz wireless LANs, the band in which 5GHz wireless LANs operate (Japan and US) is not used so that mutual interference between the UWB and 5GHz wireless LAN can be avoided.

Each channel (sub-band) of the proposed system is capable of 1Gbps transmission, which yields a maximum bit rate of 3Gbps when all three channels are used.

The following section describes the modulation scheme employed by the proposed system.

2.2. Modulation scheme
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Fig. 2 Waveform of /2 shift BPSK

Fig. 2(a) shows the RF envelope of the proposed system. The proposed system realizes the proposed sub-band allocation using the carrier-modulated pulse waveform. Fig. 2(b) and Fig. 2(c) indicate the I-channel signal and Q-channel signal, respectively, of Fig. 2(a). The modulation scheme employed by the proposed system is /2 shift BPSK, whose name derives from the chip-by-chip shift of the modulation axis by /2 attributed to the chip appearing on the I-ch and Q-ch alternately. The proposed system, which uses the DS-SS technique as well as the /2 shift BPSK modulation scheme, despreads the bit sequence by multiplying the received signal shown in Fig. 2 by a template signal and integrating the product.

 [image: image3.wmf]I

Q

(a) Ich modulation

(b)Qch modulation

I

Q

I

Q

(c)Constellation


Fig. 3 Constellation of /2 shift BPSK
The constellation of /2 shift BPSK modulation is shown in Fig. 3. As /2 shift BPSK modulation shifts the modulation axis by /2, chip by chip, information symbols do not cross the zero point, as shown in Fig. 3(c), which allows the constellation a constant envelope. This constant envelope property is a tremendous advantage when a transmit amplifier is built using a CMOS process.
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Fig. 4 Spectrum of /2 shift BPSK

Fig. 4 shows the spectrum of the waveform transmitted by the proposed system. Instead of using a BPF upon transmission, the proposed system employs waveform shaping suited to the proposed sub-band allocation to shape the spectrum. As can be seen from Fig. 4, waveform shaping of the proposed system results in compliance with the radiation limit permitted by FCC. In addition, there is more than 30dB power reduction in the 5GHz band, which significantly reduces interference to the wireless LAN.

2.3. System description
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Fig. 5 Proposed system configuration

Fig. 5 shows the configuration of the proposed system. The upper and lower portions of the diagram depict the receiver section and transmitter section, respectively. The SW component connected to the antenna switches between the two sections. The left side of the A-A’ line indicates an analog RF circuit and the right side represents a digital baseband circuit. These circuits shown in Fig. 5 can be integrated onto a single chip using a CMOS process, thus reducing the cost, power consumption, and size of the proposed system.

In the transmitter section of Fig. 5, the PHY header multiplexer (PH Mux.) appends the preamble and PHY header to the packet delivered from the MAC layer. Then, the encoder encodes the portions other than the preamble, using a concatenated coding scheme with convolutional codes and Reed Solomon codes. The signal that is output from the encoder enters the spreader, where the preamble is spread using a short code, and the PHY header and PHY payload using a long code.

The proposed system enables effective transmission by modulating in the analog circuit the spread signal from the baseband circuit using /2 shift BPSK modulation. The carrier modulation of the baseband waveform, as described in 2.2, makes the proposed system suitable for the proposed sub-band allocation shown in 2.1. To reduce inter-pulse interference of the transmitted signal, the proposed system does not employ a transmit filter; filters are used only in the receiver section.

In the receiver section of Fig. 5, the received signal is filtered, amplified by the LNA, and then quadrature-demodulated. Since the proposed system employs the /2 shift BPSK modulation scheme, the information signal appears on the Ich and Qch alternately.

After sampled in the ADC, the received signal is despread in the digital domain. The proposed system has some despreaders, which function as RAKE fingers in the receive state and a parallel searcher in the acquisition state. Details of acquisition are described in 2.4.

The top portion of Fig. 5 depicts the Coherent Channel Measurement block. Here, the PHY layer packet synchronization is acquired by determining the point that contains the highest energy of all the oversampled values. Since these values obtained from oversampling the known preamble indicate the impulse response of the radio channel, the proposed system performs acquisition and channel measurement concurrently and thereby provides the packet-by-packet rate adaptation that selects the optimum bit rate according to changes in channel conditions.

The rate adaptation of the proposed system is governed by the combination of the spreading factor and coding rate of the SS signal. As a result, when the SNR is high, the proposed system is allowed to stop a Viterbi decoder and perform decoding only with a Reed Solomon decoder. This makes a significant contribution to lower power consumption of the baseband circuit.

The PHY header de-multiplexer (PH DeMux.), shown at the upper right corner of Fig. 5, analyzes the PHY header of the received signal to identify the packet transmission rate and extracts the MAC layer packet that follows the PHY header.

The proposed system calculates the distance between two radio devices using the RSSI derived from the AGC and the time of arrival measured in the acquisition process. This ranging functionality is useful for the precise control of such applications as entertainment robots.

The proposed system will realize ubiquitous communications between CE devices by implementing the above-mentioned RF and baseband circuits on a single CMOS chip.
2.4. Acquisition and delay profile measuring method
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Fig. 6 Acquisition method

The acquisition method and channel measurement method of the proposed system are shown in Fig. 6. The feature of the acquisition method is that it occurs at the same time as channel measurement. Fig. 6(a) shows the frame format employed by the proposed system. The frame, comprised of the preamble, PHY header, and payload, conforms to the IEEE802.15.3 MAC layer specifications. 

The preamble format of the proposed system is illustrated in Fig. 6(b). The preamble consists of known symbol sequence blocks that are successively appended so that the polarity of any two consecutive known symbol sequences can always be the opposite. The reason is that successive same symbol sequences of the same polarity in the preamble lead to energy spikes in the frequency spectrum. In the current FCC’s rule, the radiation power of the UWB transmitter is limited by -41.3dBm at 1MHz resolution. This means that all the proposed preambles should not contain any successive symbol patterns which are shorter than 1(usec) period in their proposed preamble. Our proposed PHY takes into account this point and any successive symbol patterns shorter than 1 (usec) do not appear in the preamble part due to alternatively changing polarity of the known sequence block as described above.

In the frame format illustrated in Fig. 6(a), the preamble is spread using a short code and the PHY header and payload using a long code. The last block of the preamble that immediately precedes the PHY header is used for the purpose of termination. 

The proposed system performs acquisition and channel measurement by oversampling the signal using the transmit frame described above. In general, oversampling requires many sample points, which leads to prolonged acquisition. As a solution to this problem, the proposed system uses RAKE fingers as a parallel searcher when acquisition is attempted.

Fig. 6(c) shows the oversampled values measured in each block. When measurements are taken, the signal polarity of alternate blocks that has been reversed as illustrated in Fig. 6(b) is corrected so that all blocks can have positive polarity. All the sampled values are then summed coherently, thus improving the SNR. The resulting delay profile includes the effect of the known sequence block illustrated in Fig. 6(b). To remove the effect, the measured delay profile is multiplied by the known symbol sequence, as shown in Fig. 6(d).

The delay profile measured following the above procedure is shown in Fig. 6(e). The proposed system starts to receive a packet at the point when the received power is at its highest level, and performs RAKE reception using the measured delay profile. The estimated received power, which can be derived from the RAKE finger coefficient, allows the determination of the optimum bit rate that matches varying channel conditions. Furthermore, the packet-by-packet channel measurement by the proposed system improves the accuracy of the rate adaptation.

3. Comparison with P802.15.3a PHY selection criteria

3.1. Unit Manufacturing Cost/Complexity (UMC)
See Fig.5 for the block diagram of the proposed system configuration.

The estimates of the gate count and die size include the space for wiring in addition to the area of the raw gate. The space for wiring is assumed to be 0.5 times the raw gate area. The area of one gate is based on a relatively large cell size (17um2 : CMOS 0.18um). CMOS 0.13um is considered half of CMOS 0.18um.

· analog – Die size : 5~6mm2 (CMOS 0.18um, 0.13um) 

· including VCO, PLL, Modulator, Pulse shaper, LNA, Power Amp., AGC, LPF,  

· RF switch, Complex mixer, ADC

· digital (except for MAC) – Gate count : < 300 kGate

· including SS modulator/demodulator, RAKE, Encoder/Decoder, PH mux/demux

· Die Size : < 7.7mm2 (CMOS 0.18um), < 3.8 mm2 (CMOS 0.13um)

· Major external components 

· TCXO, BPF, voltage regulator, decoupling capacitor/inductor, connector

3.2. Signal Robustness
3.2.1. Interference and Susceptibility
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Fig. 7 Rx BPF spectrum mask

Fig. 7 shows the frequency characteristics of the BPF (Band Pass Filter) used in the receiver section of the proposed system. The channel allocation of the proposed system divides the frequency range of the FCC spectrum mask into three sub-bands as described in 2.1 and a BPF is used only upon reception.

Calculations in this section are based on power level because the proposed system is capable of significantly suppressing interfering power using the top Rx BPF and LPF (Low Pass Filter) in front of A/D converter, thus making the effect of interfering signals almost negligible. As seen from Fig. 7, interference from the systems considered in this section is substantially suppressed in Ch.1, Ch.2 and Ch.3.

Table 1 shows the calculation conditions assumed in this section. The results of the calculations based on power level are summarized in Table 2 to Table 5. The following parameters are used in these calculations. Spurious radiation from each system is assumed negligible.

	Bit rate
	115Mbps

	FEC
	Concatenated code

Reed Solomon(240, 224, 16)  

Convolutional code (r=1/2, K=7)

	Packet length
	1120 byte

	Required PER
	8%

	Required Eb/N0
	2.7dB

	Path loss calculation
	Free space

	Noise figure
	7.5dB

	Implementation loss
	0.5 dB


Table 1 Calculation conditions
3.2.1.1. Interference from 2.4GHz band systems

Table 2 shows the minimum separation in the presence of the interference from the 2.4GHz band systems. As seen from Table 2, the interfering power is significantly suppressed in Ch.2 and Ch.3, leading to the minimum separation of less than 1m. On the other hand, Ch.1 experiences considerable interference especially from the micro oven and 802.11b. This is attributed to the very high transmit power of these interferes.

Table 2 Minimum separation under 2.4GHz Interferer
	System
	Micro oven
	BluetoothTM
	802.11b

	Center frequency
	2.458 GHz
	2.4 GHz
	2.4 GHz

	Tx power
	20 dBm
	0 dBm
	20dBm

	Path loss (1) at 1 m
	40.2 dB
	40 dB
	40 dB

	               (2) at 0.3 m
	29.8 dB
	29.6 dB
	29.6 dB

	Rx power (1) at 1 m
	-20.2 dBm
	-40 dBm
	-20 dBm

	                (2) at 0.3 m
	-9.8 dBm
	-29.6 dBm
	-9.6 dBm

	Ch. 1
	
	
	

	Rx BPF suppression
	-44 dB
	-44 dB
	-44 dB

	Rx LPF suppression
	-30 dB
	-30 dB
	-30 dB

	Eb/(N0+I0)(1) at 1 m
	9.13 dB
	9.20 dB
	9.12 dB

	(2) at 0.3 m
	8.46 dB
	9.19 dB
	8.43 dB

	Margin at 0.3m
	5.26 dB
	5.99 dB
	5.23 dB

	Ch. 2
	
	
	

	Rx BPF suppression
	-60 dB
	-60 dB
	-60 dB

	Rx LPF suppression
	-30 dB
	-30 dB
	-30 dB

	Eb/(N0+I0)(1) at 1 m
	9.20 dB
	9.20 dB
	9.20 dB

	(2) at 0.3 m
	9.18 dB
	9.20 dB
	9.18 dB

	Margin at 0.3m
	5.98 dB
	6.00 dB
	5.98 dB

	Ch.3
	
	
	

	Rx BPF suppression
	-60 dB
	-60 dB
	-60 dB

	Rx LPF suppression
	-30 dB
	-30 dB
	-30 dB

	Eb/(N0+I0)(1) at 1 m
	9.20 dB
	9.20 dB
	9.20 dB

	(2) at 0.3 m
	9.18 dB
	9.20 dB
	9.18 dB

	Margin at 0.3m
	5.98 dB
	6.00 dB
	5.98 dB


3.2.1.2. Interference from 5GHz band system

Table 3 shows the minimum separation in the presence of the interference from the 5GHz wireless LAN. As seen from Table 3, the required performance level is achieved in Ch.1 and Ch.2 by separating the proposed system from the interferer by 2.09m. In Ch.3, the large suppression for interference provided by the BPF enables the minimum separation of less than 1m.

Table 3 Minimum separation with 5GHz Interferer

	Center frequency
	5.3 GHz

	Tx power
	15 dBm

	Path loss (1) at 1 meter
	46.9 dB

	               (2) at 0.3 meters
	36.5 dB

	Rx power (1) at 1 meter
	-31.9 dBm

	                (2) at 0.3 meters
	-21.5 dBm

	Ch. 1
	

	Rx BPF suppression
	-40dB

	Rx LPF suppression
	-30 dB

	Eb/(N0+I0)(1) at 1 meter
	9.19 dB

	(2) at 0.3 meter
	9.06 dB

	Margin at 0.3m
	5.86 dB

	Ch. 2
	

	Rx BPF suppression
	-40dB

	Rx LPF suppression
	-30 dB

	Eb/(N0+I0)(1) at 1 meter
	9.19 dB

	(2) at 0.3 meter
	9.06 dB

	Margin at 0.3m
	5.86 dB

	Ch.3
	

	Rx BPF suppression
	-50dB

	Rx LPF suppression
	-30 dB

	Eb/(N0+I0)(1) at 1 meter
	9.20 dB

	(2) at 0.3 meter
	9.19 dB

	Margin at 0.3m
	5.99 dB


3.2.1.3. Interference from IEEE802.15.4 systems

Table 4 shows the minimum separation in the presence of the interference from the IEEE802.15.4 systems. Due to the small transmit power of the IEEE802.15.4 systems compared to other systems, the minimum separation of less than 1m is achieved in most cases.

Table 4 Minimum separation with 802.15.4 Interferer
	System
	802.15.4(1)
	802.15.4(2)
	802.15.4(3)

	Center frequency
	868 MHz
	915 MHz
	2.45 GHz

	Tx power
	0 dBm
	0 dBm
	0 dBm

	Path loss (1) at 1 m
	31.2 dB
	31.7 dB
	40.2 dB

	               (2) at 0.3 m
	20.8 dB
	21.2 dB
	29.8 dB

	Rx power (1) at 1 m
	-31.7 dBm
	-31.7dBm
	-40.2 dBm

	                (2) at 0.3 m
	-20.8 dBm
	-21.2 dBm
	-29.8 dBm

	Ch. 1
	
	
	

	Rx BPF suppression
	-40 dB
	-40 dB
	-44 dB

	Rx LPF suppression
	-30 dB
	-30 dB
	-30 dB

	Eb/(N0+I0)(1) at 1 m
	9.19 dB
	9.19 dB
	9.20 dB

	(2) at 0.3 m
	9.14 dB
	9.14 dB
	9.19 dB

	Margin at 0.3m
	5.94 dB
	5.94 dB
	5.99 dB

	Ch. 2
	
	
	

	Rx BPF suppression
	-60 dB
	-60 dB
	-60 dB

	Rx LPF suppression
	-30 dB
	-30 dB
	-30 dB

	Eb/(N0+I0)(1) at 1 m
	9.20 dB
	9.20 dB
	9.20 dB

	(2) at 0.3 m
	9.20 dB
	9.20 dB
	9.20 dB

	Margin at 0.3m
	6.00 dB
	6.00 dB
	6.00 dB

	Ch.3
	
	
	

	Rx BPF suppression
	-60 dB
	-60 dB
	-60 dB

	Rx LPF suppression
	-30 dB
	-30 dB
	-30 dB

	Eb/(N0+I0)(1) at 1 m
	9.20 dB
	9.20 dB
	9.20 dB

	(2) at 0.3 m
	9.20 dB
	9.20 dB
	9.20 dB

	Margin at 0.3m
	6.00 dB
	6.00 dB
	6.00 dB


3.2.1.4. Interference from Generic In-band Modulated Interferer and Generic In-band Tone Interferer

Table 5 shows the minimum separation in the presence of the in-band modulated interferer and in-band tone interferer. Since the calculations are based on power level, the results of the in-band modulated interferer and in-band tone interferer are the same. Detailed examination would be reported in a future IEEE meeting.

Table 5 Minimum separation with In-band tone interferer

	System
	Tone Interferer
	Tone Interferer
	Tone Interferer

	Center frequency
	4GHz
	7GHz
	9GHz

	PI – Pd 
	3 dB
	3 dB
	3 dB

	
	Ch.1
	Ch.2
	Ch.3

	Eb/(N0+I0)
	4.52 dB
	4.52 dB
	4.52 dB

	Margin
	1.32 dB
	1.32 dB
	1.32 dB


3.2.2. Coexistence

The interference effects of the proposed system on other systems are shown in Table 6 to Table 8. The calculations are based on power level. The interfering power used as the criteria is 6dB below the Rx sensitivity of the victim receiver as specified in document [03/31]. The additional power that exceeds the criteria was converted to the separation distance between the proposed system and victim receiver. The spurious power of the proposed system was determined by numerical integration using Fig. 4. Tx power is -11dBm and the minimum UWB spurious power used is -80dBm.

3.2.2.1. Interference into 2.4GHz systems

Table 6 shows the impact of the proposed system on the 2.4GHz band systems. As seen from Table 6, the very low spurious power of the proposed system makes its impact on the 2.4GHz band systems insignificant.

	
	System
	Ch.1
	Ch.2
	Ch.3

	
	Center frequency
	4GHz
	7GHz
	9GHz

	(a)
	Path loss (1) at 1 m
	44.48 dB
	49.34 dB
	51.53 dB

	(b)
	               (2) at 0.3 m
	34.03 dB
	38.89 dB
	41.07 dB

	
	BluetoothTM
	
	
	

	(c)
	UWB spurious
	-76.50 dBm
	-80.00 dBm
	-80.00 dBm

	(d)
	Rx sensitivity 
	-70.00 dBm
	-70.00 dBm
	-70.00 dBm

	(e)
	(d) – 6dB
	-76.00 dBm
	-76.00 dBm
	-76.00 dBm

	(f)
	Rx power (1) at 1 m
(c) – (a)
	-120.98 dBm
	-129.34 dBm
	-131.53 dBm

	(g)
	                (2) at 0.3 m
(c) – (b)
	-110.53 dBm
	-118.89 dBm
	-121.07 dBm

	(h)
	Minimum separation to maintain (e) (m)

10^(0.05 *(e – f) )
	6.E-03 m
	2.E-03 m
	2.E-03 m

	
	IEEE802.11b
	
	
	

	(i)
	UWB spurious
	-66.10 dBm
	-80.00 dBm
	-80.00 dBm

	(j)
	Rx sensitivity 
	-76.00 dBm 
	-76.00 dBm
	-76.00 dBm

	(k)
	(j) – 6dB
	-82.00 dBm
	-82.00 dBm
	-82.00 dBm

	(l)
	Rx power (1) at 1 m
(c) – (k)
	-110.58 dBm
	-129.34 dBm
	-131.53 dBm

	(m)
	                (2) at 0.3 m
(d) – (k)
	-100.13 dBm
	-118.89 dBm
	-121.07 dBm

	(n)
	Minimum separation to maintain (k) (m)

10^(0.05 *(m-n))
	4.E-02 m
	4.E-03 m
	3.E-03 m


Table 6 Minimum separation in coexistence with 2.4GHz system

3.2.2.2. Interference into 5GHz systems
Table 7 shows the impact of the proposed system on the 5GHz band system. As seen from Table 7, the proposed system has a power margin of more than 15dB above the criteria in the 5GHz band.

	
	System
	Ch.1
	Ch.2
	Ch.3

	
	Center frequency
	4GHz
	7GHz
	9GHz

	(a)
	Path loss (1) at 1 m
	44.48 dB
	49.34 dB
	51.53 dB

	(b)
	               (2) at 0.3 m
	34.03 dB
	38.89 dB
	41.07 dB

	
	IEEE802.11a
	
	
	

	(c)
	UWB spurious
	-59.81 dBm
	-61.80 dBm
	-80.00 dBm

	(d)
	Rx sensitivity 
	-82.00 dBm
	-82.00 dBm
	-82.00 dBm

	(e)
	(d)  – 6dB
	-88.00 dBm
	-88.00 dBm
	-88.00 dBm

	(f)
	Rx power (1) at 1 m
(c) – (a)
	-104.29 dBm
	-111.14 dBm
	-131.53 dBm

	(g)
	                (2) at 0.3 m
(c) – (b)
	-93.84 dBm
	-100.69 dBm
	-121.07 dBm

	(h)
	Minimum separation to maintain (e) (m)

10^(0.05 *(e –  f) )
	1.53E-01 m
	6.96E-02 m
	6.66E-03 m


Table 7 Minimum separation in coexistence with 5GHz system

Interference into IEEE802.15.4 systems
Table 7 shows the impact of the proposed system on the IEEE802.15.4 systems. Due to the narrow occupied bandwidth of the IEEE802.15.4 systems, the impact of the proposed system is especially small, leading to a power margin of more than 25dB, as seen from Table 7.

Table 8 Minimum separation in coexistence with IEEE802.154 systems

	
	System
	Ch.1
	Ch.2
	Ch.3

	
	Center frequency
	4GHz
	7GHz
	9GHz

	(a)
	Path loss (1) at 1 m
	44.48 dB
	49.34 dB
	51.53 dB

	(b)
	               (2) at 0.3 m
	34.03 dB
	38.89 dB
	41.07 dB

	
	802.15.4 (864MHz)
	
	
	

	(c)
	UWB spurious
	-80.00 dBm 
	-80.00 dBm
	-80.00 dBm

	(d)
	Rx sensitivity 
	-92.00 dBm
	-92.00 dBm
	-92.00 dBm

	(e)
	(d)  – 6dB
	-98.00 dBm
	-98.00 dBm
	-98.00 dBm

	(f)
	Rx power (1) at 1 m
(c) – (a)
	-124.48 dBm
	-129.34 dBm
	-131.53 dBm

	(g)
	                (2) at 0.3 m
(c) – (b)
	-114.03 dBm
	-118.89 dBm
	-121.07 dBm

	(h)
	Minimum separation to maintain (b) (m)

10^(0.05 *(e – f) )
	5.E-02 m
	3.E-02 m
	2.E-02 m

	
	802.15.4 (915MHz)
	
	
	

	(i)
	UWB spurious
	-94.10 
	-80.00 
	-80.00 

	(j)
	Rx sensitivity 
	-92.00 dBm
	-92.00 dBm
	-92.00 dBm

	(k)
	(j)  – 6dB
	-98.00 dBm
	-98.00 dBm
	-98.00 dBm

	(l)
	Rx power (1) at 1 m
(i) – (a)
	-138.58 dBm
	-129.34 dBm
	-131.53 dBm

	(m)
	                (2) at 0.3 m
(i) – (b)
	-128.13 dBm
	-118.89 dBm
	-121.07 dBm

	(n)
	Minimum separation to maintain (k) (m)

10^(0.05 *(k – l) )
	9.E-03 m
	3.E-02 m
	2.E-02 m

	
	802.15.4 (2.4GHz)
	
	
	

	(o)
	UWB spurious
	-76.50 
	-80.00 
	-80.00 

	(p)
	Rx sensitivity 
	-85.00 dBm
	-85.00 dBm
	-85.00 dBm

	(q)
	(p) – 6dB
	-91.00 dBm
	-91.00 dBm
	-91.00 dBm

	(r)
	Rx power (1) at 1 m
(o) – (a)
	-120.98 dBm
	-129.34 dBm
	-131.53 dBm

	(s)
	                (2) at 0.3 m
(o) – (b)
	-110.53 dBm
	-118.89 dBm
	-121.07 dBm

	(t)
	Minimum separation to maintain (q) (m)

10^(0.05 *(q - r) )
	3.17E-02 m
	1.21E-02 m
	9.41E-03 m


3.3. Technical Feasibility
3.3.1. Manufacturability

The proposed system is well suited to mass production in the following respects:

· The proposed system employs a carrier for transmission as with such systems as the WLAN and Bluetooth that have been proven for the CMOS implementation of the RF circuit. This allows the proposed system to adopt the CMOS technologies and integrate the RF and digital circuits onto a single chip, leading to the reduction in its size and cost.

· The low amplitude of the transmitted signal (approximately [120]mV p-p) makes the proposed system suitable for a future fine-line CMOS process that requires low voltage design. The mono-cycle pulse technique needs energy concentrated in a short time and thus results in high pulse amplitude (approximately [1]V p-p). This makes the integration difficult using a fine-line CMOS process.

· The out-of-band rejection for the transmitted signal provided by pulse shaping alleviates the requirements for an external BPF.

3.3.2. Time to Market

An estimated time line about Time to Market is as follows:

· 2004.1Q

1st PHY sample

· 2004.4Q

Demonstration before pre-production  

· 2005.2Q

Mass production 

3.3.3. Regulatory Impact

The proposed system is capable of complying with more than one regulatory standard through relatively easy adjustment of transmit power and band selection.

1. Regions adopting US FCC regulations

The proposed system complies with US FCC regulations.

2. Regions adopting European regulations

European regulations have yet to be defined. The flexible transmit power adjustment and band selection should allow the proposed system to comply with European regulations.

3. Japanese regulations

Regulatory activities are currently in progress. It is expected that the resulting regulations will be similar to US FCC regulations, in which case the proposed system will comply with Japanese regulations.

4. Other National Regulations

The flexible transmit power adjustment and band selection should allow the proposed system to comply with other national regulations.

3.4. Scalability
· Payload bit rate / Data throughput:

Fig. 8 shows the concatenated code generator employed in proposed PHY. The payload bit rate is selectable from multiple values by adjusting spreading factors, as shown inTable 9　(chip rate = 1GHz). Increase in the bit rate leads to higher power consumption of the encoder/decoder and upper layers.
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Fig. 8 Concatenated code generator

Table 9 Rate scalability

	Spreading Factor
	Raw Bit rate

(Mbps)
	RS only

(Mbps)
	Conv. only

(Mbps)
	Concatenation

(Mbps)

	Nss=1
	1000
	933
	500†
	467†

	Nss=2
	500
	466
	250†
	233†

	Nss=3
	333
	310
	167†
	155†

	Nss=4
	250
	310
	125
	115

	Nss=5
	200
	187
	100
	93

	Nss=6
	167
	155
	83
	78

	Nss=8
	125
	117
	63
	58

	Nss=10
	100
	93
	50
	46


†(optional) Realization is depending on the speed of circuit and power consumption

Lower throughput of operation is possible by increasing the spreading factor further. The simultaneous use of the sub-bands shown in Fig.1 enables a maximum of 3Gbps transmission theoretically (optional) at the expense of unit manufacturing cost and complexity.

· Encode/Decode:

The proposed system is capable of adjusting the receiving gain by changing the combination of parameters (including ON/OFF of  encoder) for concatenated coding with convolutional codes and Reed Solomon codes shown in Table 9. As a result, an unnecessarily high coding gain can be avoided when the SNR is high, thus reducing power consumption. The coding gain can also be controlled dynamically according to changing channel conditions. 

The reduction of the required gate count in the areas of coding operation is achieved if the degradation of sensitivity can be tolerated.

· Frequencies of operation:

The band of operation is selectable from sub-bands, which allows the proposed system to avoid interference from other devices. In a higher frequency band, power consumption slightly increases.

· Range:

The transmit range can be adjusted by changing transmit power levels within FCC limit.

3.5. Location Awareness
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Fig. 9 Method of ranging 

· Method:

Fig. 9 shows a method of ranging. In the Fig. 9, tA and tC are almost equal to the propagation time over space. Node 1 in the above chart measures t and determines its relative distance from Node 2 by calculating (t－tB)/2×speed of light. The proposed system allows such ranging each time a packet is transmitted.

3.6. Alternate PHY Required MAC Enhancements and Modifications
 The proposed PHY requires the small part changes of current 802.15.3 MAC. This is concerned with 3-band Channel Management and Feasibility for Dynamic Rate adaptation functionality.

3.7. Size and Form Factor
 An estimated time line for compatibility with accessory formats is as follows:

· 2005.2Q

2 chip solution (analog + digital) → PC Card

· 2005.3Q 

Flip-chip implementation → Removal/Portable Memory

· 2005.4Q 

Single chip solution →Removal/Portable Memory

3.8. PHY-SAP Payload Bit Rate and Data Throughput
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Fig. 10 Packet overhead parameters for data throughput comparison
Fig. 10 shows the packet format of 802.15.3 MAC. In this section we are requested to answer the PHY –SAP bit rate. All the calculation parameters is as follows:

· Payload Bit Rates

 

115 Mbps, 200 Mbps, optional - 500Mbps

· Packet Overhead

T_PA_INIT

[8] us

T_PA_CONT
[8] us

T_PHYHDR

[1.92] us

T_MACHDR
[3.2] us

T_HCS


[0.64] us

T_DATA

[71.24] us  - 115 Mbps







[40.96] us  - 200 Mbps







[16.38] us  - 500 Mbps

T_FCS


[0.28] us  - 115Mbps







[0.16] us  - 200 Mbps







[0.06] us  - 500 Mbps

T_MIFS


[1] us

T_SIFS


[8]us

T_RIFS


[8] us

· PHY-SAP Throughput (for 1024-octet data packet)

The PHY-SAP throughput is calculated by using following equation.

Payload_Throughput_PHY_SAP =  n Payload_bits / [T_PA_INITIAL+T_SIFS+(n-1)  (T_PA_CONT+T_MIFS) + n  (T_DATA+T_MACHDR + T_PHYHDR+T_HCS+T_FCS)]

In the above equation, parameter n means the number of successive PHY packets in the frame. The throughput is as follows:

· 94.9 ~ 87.8 Mbps  -  115Mbps

· 146.5 ~ 130.2 Mbps  -  200Mbps

· 262.6 ~ 214.5 Mbps  -  500Mbpss

where, the left value of the each row is the result of n = infinity and  this means the maximum throughput. The right value of the row is the result of n = 1, the minimum throughput.
3.9. Simultaneously Operating Piconets
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Fig. 11 Interfering environment
Fig. 11 shows the interference environment considered in this section. In the right part of the figure, the reference transmitter and the test receiver are communicating 115Mbps. The test link is operated at 6dB above at the proposed Rx sensitivity level. The distance between these terminals is dref.

On the left part of Fig. 11, the uncoordinated interfering transmitter is giving interference at dint (m). In this section, we are requested to determine dint (m) in the pre-specified radio channel realizations from [02/490].

Table 10 and Fig. 12 show the simulation conditions and simulation environment, employed in this section, respectively. We assume two interfering scenarios, one is co-channel interference and the other is adjacent channel interference. In both scenarios, the packets in test link and the packets from interfering terminal are assumed to be fully overlapped in order to evaluate pure interference effect in the PHY. Fig. 12 shows this assumption. Using this assumption, we can evaluate the worst case separation distance. We assume dref  is 2 meters.

The 802.15.3 MAC has a TDMA scheme and GTS (Guaranteed Time Slot ) is a small part of super-frame, thus it is very rare case that the test link packet GTS and interfering packet GTS are fully overlapped in the uncoordinated piconet environments. 

Table 10 Simulation conditions
	Bit rate
	115Mbps

	FEC
	Concatenated code

Reed Solomon(240, 224, 16)  

Convolutional code (r=1/2, K=7)

	Packet length
	1120 byte

	Required PER
	8%

	Required Eb/N0
	2.7dB

	Rx sensitivity
	-75.7dBm

	Txpower
	Ch.1 -19dBm

Ch.2 -14dBm

Ch.3 -12dBm


Fig. 13 and  Fig. 14 show the separation maintaining required packet error rate (PER), in co-channel interference and adjacent channel interference scenarios, respectively. In both figures, the x-axis represents the number of baseband RAKE fingers employed in proposed PHY and y-axis represents the minimum separation dint.

It is assumed that the fading in test link channel and interfering channel are independent. From his assumption, it can be considered that the shadowing effect included in channel realization, [02/490] contributes to isolate these links and thus makes dint to be shorter.

In Fig. 13, we can achieve good isolation using 8 fingers compared to 128 fingers in all the channel models. More over, even in 4 finger case, the separation distance are acceptable in the CM1, CM2 and CM3 environments. We recommend 4 to standard and choice of more fingers is an implementation matter.
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Fig. 12 Simulation environment for co-channel and adjacent interference scenario
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Fig. 13 Worst case separation dint in co-channel interference
In the Fig. 14, minimum separations in adjacent channel case are shown. Thus we can get much isolation gain from the BPF and LPF in our RF circuit. All the separation distance is blow 0.5m.

 The results shown in Fig. 13 and Fig. 14 are the worst case minimum separation. If we consider the effect of MAC, the separation distance dint will be shorter.
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Fig. 14 Worst case separation dint in adjacent channel interference

3.10. Signal Acquisition
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Fig. 15 Preamble format
 Fig. 15(a) shows the frame format of PHY layer and Fig. 15(b) shows the detail of preamble. In Fig. 15(b), the preamble consists of known sequence, the polarity of known sequence is alternatively changed to make the period of the plus and minus known sequence longer than 1usec. This produces a more coherent spectrum and provides spectrum efficiency under the FCC rules.

The FCC level is defined at the power level at 1MHz resolution, -41.3dBm. If the preamble has a sequence which is shorter than 1usec, the spectrum will have energy spikes which will appear in a 1MHz resolution.

 Following is the acquisition procedure:
· Despreading using parallel searcher

· Accumulate despread symbols to find the highest energy point that exceeds pre-defined threshold.

· Start to receive

· Remove the effect of the known sequence in the measured delay profile, using the  received demodulated preamble symbols.

· The delay profile is used for the coefficients of the base band RAKE fingers.

 This method is named “Coherent channel Measurement”. This is from that we can coherently sum the all the channel snap shots to enhance the SNR to easily find the highest energy point. This scheme provides the accurate acquisition. More details would be reported future 802.15.3 meeting. n

 Fig. 16 shows the packet detect probability of the proposed preamble detection scheme. In the Fig. 16, we can see that the detect probability of AWGN, CM1, CM2 and CM3 are closed to 1.0 when Ec/N0 becomes large. However, in the case of CM4, miss detect probability is 4%. 

We have confirmed that the false alarm probability is less than [0.5]%.
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Fig. 16 Sync Detect Probability

3.11. System Performance
Fig. 17 shows the 90% outage performance of the proposed PHY in specified channel model[02/490]. The parameter L is the number of base-band-RAKE-fingers. In this figure, we can find that the 4 and 8 finger cases are acceptable and reasonable compared to the 128 finger case.
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Fig. 17 90% Outage PER in CM1, CM2, CM3 and CM4
3.12. Link Budget
The link budget of the proposed system is shown in Table 12 and Table 13. Since the proposed system has three channels, these tables provide the link budget calculated for each channel.

Table 11 shows the gain of RF components employed in calculation of noise figure. “AaliasF” in Table 11  means anti-alias filter to reduce the alias-effect for the ADC. The most upper row means element gain, the 2nd row is element noise figure calculated by element gain. The 3rd row represents the commutative noise figure and value of right most box is the final result. Currently, our noise figure is [7.5]dB.

Table 11 Element components in NF calculation

	Element
	SWITCH
	BPF
	LNA
	MIXER
	LPF
	AGC
	AaliasF
	ADC

	Element gain (dB)
	-1.0
	-1.0
	19.0
	16.0
	-6.0
	44.3
	-3.0
	0.0

	Element NF (dB)
	1.0
	1.0
	3.0
	11.0
	26.0
	16.2
	3.0
	62.2

	Running NF (dB)
	1.0
	2.0
	5.0
	6.1
	6.9
	7.2
	7.2
	7.5


Table 12 Link budget of 111Mbps and 200Mbps cases

	Parameter
	Value
	Value

	Throughput (Rb)
	115 Mbps
	200Mbps
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Table 13 Link budget of 500Mbps case

	Parameter
	Value

	Throughput (Rb)
	500 Mbps
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Table 14 Link budget of 1Gbps case
	Parameter
	Value
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3.13. Sensitivity
Our proposed sensitivity is -75.7dBm which has additional 7dB fading margin from the Min. Rx sensitivity level of 115Mbps case of Table 12. PER = 8% for 1024 octet body is maintained.

3.14. Power Management Modes
The proposed system supports the ACTIVE, HIBERNATE, PSPS (Piconet synchronized power save), and SPS (Synchronous power save) modes defined in the proposed 802.15.3 standard.

Fig. 18 shows the transition time between PHY modes listed in Table 15. The AWAKE state corresponds to TX_ON and RX_ON. The SLEEP state corresponds to SYNTH_ON and SYNTH_SAVE. The HIBERNATE mode, in which a device is in the SLEEP state for a long period, uses SYNTH_SAVE. For the PSPS or SPS mode, SYNTH_ON and SYNTH_SAVE are used as appropriate depending on the time length of the SLEEP state.

The transition time from SYNTH_ON to TX_ON or RX_ON is short because the PLL, which generates a high-speed clock for a carrier and for signal processing, is operating during SYNTH_ON and thus the oscillation frequency is stable. On the other hand, SYNTH_SAVE, during which the PLL stops, requires some time before the oscillation frequency stabilizes.

[image: image60.wmf]TX_ON

RX_ON

SYNTH_ON

SYNTH_SAVE

OFF

Several

msec

100

μ

sec

10

μ

sec

10

μ

sec

TX_ON

TX_ON

RX_ON

RX_ON

SYNTH_ON

SYNTH_SAVE

OFF

Several

msec

100

μ

sec

10

μ

sec

10

μ

sec


Fig. 18 State transition of power management modes

	Mode
	Transmit
	Receive
	PLL
	TCXO

	TX_ON
	
	
	
	

	RX_ON
	
	
	
	

	SYNTH_ON
	
	
	
	

	SYNTH_SAVE
	
	
	
	

	OFF
	
	
	
	


Table 15 Power management modes
3.15. Power Consumption
 The power consumptions is as follows:

· Transmit : < [50]mW@115Mbps
· Receive : < [150]mW@115Mbps
· Clear Channel Assessment : 

busy period < [60]mW, idle period <  [70]mW

· Power Save : [10]mW (PwrMgtLevel)

The power consumption of DEVs for each power save mode and circuit component is shown in Table 16 and Table 17, respectively. The values of Table 16 are estimated from power consumption of  Table 17,. We assume following state and parameters.

· Condition: Receiving state

· Superframe [40]ms, beacon length [20]us. The AWAKE state time length in wake superframes (including beacon, CAP and assigned CTAs) is assumed to be 0.5 times that of a superframe.

· Wake beacon interval = [2]
· CTR = [2]
Table 16 Power consumption
	Power Save Mode
	Average Power Consumption

	ACTIVE
	 [80]mW

	HIBERNATE
	 [10]mW

	PSPS
	 [45]mW

	SPS
	 [40]mW


Table 17 Power consumption at circuit components
	Circuit
	Power Consumption

	Transmit
	[50]mW

	Receive
	[150]mW

	PLL
	[10]mW

	TCXO
	[3]mW


3.16. Antenna Practicality
· Form :  

Compatibility with accessory formats is offered by implementing an antenna of the appropriate type.

The antenna will not be a unique element that needs to be standardized for interoperability.

· Characteristics: 

Bandwidth 3.1-10.6GHz, flat Gain 0dBi (omni directional)

4. Criteria Self-Evaluation Matrix
The self-evaluation matrix for the proposed system is shown in Table 18.

Table 18 Self-Evaluation Matrix

	CRITERIA
	REF.
	IMPORTANCE

LEVEL
	PROPOSER RESPONSE

	Unit Manufacturing Complexity (UMC)
	3.1
	B
	+



	Signal Robustness

	Interference And Susceptibility
	3.2.2
	A
	+



	Coexistence
	3.2.3
	A
	+



	Technical Feasibility
	
	
	+



	Manufacturability
	3.3.1
	A
	+



	Time To Market
	3.3.2
	A
	+



	   Regulatory Impact
	3.3.3
	A
	+



	Scalability (i.e. Payload Bit Rate/Data Throughput, Channelization – physical or coded, Complexity, Range, Frequencies of Operation, Bandwidth of Operation, Power Consumption)
	3.4
	A
	+

	Location Awareness
	3.5
	C
	+



	CRITERIA
	REF.
	IMPORTANCE 

LEVEL
	PROPOSER RESPONSE

	Size And Form Factor
	5.1
	B
	+



	PHY-SAP Payload Bit Rate & Data Throughput

	Payload Bit Rate
	5.2.1
	A
	+



	PHY-SAP Data Throughput
	5.2.2
	A
	+



	Simultaneously Operating Piconets
	5.3
	A
	+

	Signal Acquisition
	5.4
	A
	+



	Link Budget
	5.5
	A
	+



	Sensitivity
	5.6
	A
	+



	Multi-Path Immunity
	5.7
	A
	+



	Power Management Modes
	5.8
	B
	+



	Power Consumption
	5.9
	A
	+



	Antenna Practicality
	5.10
	B
	+



	CRITERIA
	REF.
	IMPORTANCE 

LEVEL
	PROPOSER RESPONSE

	MAC Enhancements And Modifications 
	4.1.
	C
	+



Conclusions
This paper proposed the alternative PHY solution for TG3a. The proposed PHY successfully achieves high bit late for WPAN systems while showing the immunity for multipath fading in several channel models. With our scheme, we can accomplish low power consumption and low size realization onto CMOS 1 chip configuration.
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