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Abstract 
This thesis is produced to lay ground for integrating Ultra Wideband (UWB) into mobile 
phones in the future. A Survey of different use cases for UWB and a study on the 
technology is also included in the thesis. 
 
A comparison was made in terms of bits per Joule for different wireless technologies 
including the emerging technology ultra wideband. A similar analysis was carried out to 
determine a suitable high-speed interface for integrating the technology into a mobile 
phone. A performance analysis shows that the maximum throughput using Ethernet 
frames over UWB generated on chip is 270 Mbps with no acknowledgement and 
150Mbps with acknowledgement. Range measurements show that 60 Mbps TCP 
throughput is achieved over 10m. 
 
Ultra wideband was shown to outperform the mature technologies 802.11b and Bluetooth 
in terms of bits per Joule. Both used presently in mobile handsets. 
 
The Secure Digital Input/Output interface was shown to be the best choice when 
integrating ultra wideband into mobile handsets in its first generation. However, in the 
future, the Y organisation is standardizing a new interface that is recommended as a 
potential interface for the next generation. 
 

Contribution 
This thesis contributes to the work at Sony Ericsson by providing an overview of the 
communication technology ultra wideband as well as giving recommendations regarding 
the technology. The recommendations include a suitable high-speed interface, a 
comparison between existing technologies and a survey of use cases related to the mobile 
phone market. 
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3 Introduction 
Ultra Wideband is a low-power high-speed wireless personal area network (WPAN) 
technology. Its wide variety of potential application areas attracts a large interest in a 
wide variety of markets. Its potentially low power consumption in terms of the number of 
bits transferred per energy unit makes the technology an interesting feature for the mobile 
phone market.  
 
The goal is to gain knowledge in UWB, Mobile phone applications, hardware relating to 
UWB and to lay ground for integrating UWB into mobile phones in the future. 
 
The report consists of three parts: 

• Theory about UWB WPAN communication technology and high-speed interfaces 
• Performance study including a comparison with present technologies focusing on 

power consumption. Including Bluetooth and 108.11b. 
• Hardware and applications surveys focusing on high-speed interfaces and power 

consumption. 
 
The delimitations made are mainly due to technical restrictions and availability of 
required hardware.  
 
The advisor for this project at Sony Ericsson is Xiao-Jiao Tao, Ph.D 
The examiner for this project at Linköpings Universitet is Shaofang Gong, Ph.D., 
Professor 
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4 Theoretical background 

4.1 Ultra Wideband 
Ultra Wideband is defined by the Federal Communications Commission as a signal with 
a bandwidth larger than 500 MHz or at least 20 percent of the central frequency. In this 
report, Ultra Wideband will refer to the 
unlicensed band reserved for 
communication defined by the Federal 
Communications Commission. This is a 
band between 3.1 and 10.6 GHz with a 
maximum total average power of  
-2.5 dBm which is -41.3 dBm per MHz. 
[1] 
 
The organisation IEEE, working with the 
industry to develop standards has a 
working group regarding the ultra 
wideband technology. The wireless 
personal area network working group 
802.15 began the Bluetooth 
standardization work in 1999. As in the wired network evolution, a higher speed has led 
to a wider field of applications. The evolution has led to the development of Universal 
Serial Bus (USB) 2.0 to replace the 12 Mbit/s USB. A similar evolution is expected also 
for the wireless personal area network where UWB is a candidate. The IEEE 802.15 has 
therefore developed a high-speed Medium Access Control (MAC) layer and the working 
group 802.15.3a works on a new standard Physical Layer (PHY), commonly referred to 
as the radio in a wireless system. However, the working group has not agreed on a 
standard. Among several proposals, after merges and negotiation, only two proposals are 
left using two different radio technologies. The first one is Direct Sequence UWB (DS-
UWB) supported by the UWB-Forum with Motorola and Freescale as leading supporters. 
The other one is Multiband Orthogonal Frequency Division Multiplexing (MB-OFDM) 
supported by Multiband OFDM Alliance (MBOA) and the Wimedia Alliance commonly 
referred to as the Multiband OFDM alliance Special Interest Group, (MBOA SIG). The 
main supporters of the MB-OFDM technology for UWB are HP, Intel, TI, Microsoft, 
Kodak, Samsung and Phillips. Both of these proposals are now being developed 
independently from the IEEE organisation.[2] The MBOA-SIG PHY and MAC have been 
approved as a standard by the ECMA organisation (EMIA-368), which is already decided 
as the radio platform for Wireless USB 1.0 (WUSB) 

Figure 1 FCC definition of spectrum mask 
for UWB handheld communication.[1]  
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4.1.1 MB-OFDM 
Multiband Orthogonal Frequency Division Multiplexing (MB-OFDM) is based on a 
multi-carrier multiple access technique used in many systems today, including data 
delivery over phone lines, digital radio 
and television. The concept of 
Frequency Division Multiplexing 
(FDM) can be explained by using 
different parallel frequencies to 
transmit one data stream. To prevent 
one channel from interfering with 
another, guard bands must be used to 
separate different sub-carriers in the 
frequency domain. If the dot product 
of two signals is equal to zero, they are 
said to be orthogonal. If the system is 
viewed as a stochastic process instead, the two signals are orthogonal if they are 
uncorrelated. To achieve such signals, the OFDM system uses a discrete fourier 
transform that is by its definition built up by a linear combination of orthogonal sinusoids. 
The result is a set of sub-carriers that does not cause interference with each other as each 
sub-carrier’s energy is uncorrelated with the others, see Figure 2. On the receiving end, 
another discrete fourier transform is used to separate the uncorrelated signals.[3] 
 
The MBOA-SIG PHY uses a frequency band that is 528 MHz wide and is divided into 
128 OFDM sub-carriers where 100 are used for data and the rest are pilot, guard carriers 
or not used to allow more relaxed filters in the first generation. 
 
To allow more piconets and to increase the robustness of the system, the MBOA-SIG 
uses different frequency bands divided into band groups consisting of two or three 
frequency bands. By moving to new frequencies, narrow band interferers are avoided. 
There are a total of 14 bands in the frequency range 3.17-10,56 GHz.  
 

 
Figure 3 Band group illustration with centre frequencies of each included ban d 
 
Within a band group, the radio will also practice a band hopping scheme. The band 
hopping is either fixed in one band, called Fixed Frequency Interleaving (FFI), or in a 
sequence called Time Frequency Interleaving (TFI). The sequence is described in Table 1. 
 
 
 
 
 
 

Figure 2 Orthogonal frequencies in OFDM 
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Table 1, Description of Time Frequency Codes (TFC) 
TFC Number Band ID 
1 (TFI) 1 2 3 1 2 3 
2 (TFI) 1 3 2 1 3 2 
3 (TFI) 1 1 2 2 3 3 
4 (TFI) 1 1 3 3 2 2 
5 (FFI) 1 1 1 1 1 1 
6 (FFI) 2 2 2 2 2 2 
7 (FFI) 3 3 3 3 3 3 
 
This is, however, not the case for band group five where only two bands are included. In 
this case, only FFI is used. 
 
Each sub-carrier is modulated with a high order modulation. For data rates up to 200 
Mbps, Quadrature Phase Shift Keying (QPSK) is used to code two bits on each sub-
carrier. On higher data rates Dual Carrier Modulation (DCM) is used where four bits are 
encoded on each sub-carrier and then sent on two sub-carriers with 50MHz separation in 
the frequency domain. This is done to enhance the robustness against narrow band 
interferers. The total number of bits sent over the OFDM system is the same, but when 
using DCM the same bits are sent twice in two different parts of the band. 
 
The MAC layer in the MBOA-SIG is different from the one specified under IEEE 802.15 
for high-speed WPAN networks. The MBOA-SIG MAC combines the efficiency of time 
slot based systems such as the Time Division Multiple Access (TDMA) system used in 
GSM with packet based technology found in for example Wireless Local Area Network 
(WLAN). The TDMA system is referred to as Distributed Reservation Protocol (DRP) 
and the contention based is called Prioritized Channel Access (PCA). 
 
The MAC divides the medium time into fixed length super-frames of 256 ms divided into 
256 media access slots. Each slot belongs to either the beacon period or the data transfer 
period. Beacons are sent during the beaconing period by each device to reserve time slots 
and learn about how the access is distributed among the devices. A time slot can be 
reserved in a number of different ways. Hard reservation is when no other device may use 
the time slot, no matter if used or not. Private reservation is a hard reservation dedicated 
to for example wireless USB. Soft Reservation is where the device reserving the time slot 
may transmit right away and other devices may use PCA. RCA reservation is reserved for 
prioritized channel access only. The prioritized channel access is a way to use otherwise 
unused time slots or parts of time slots. At any time where prioritized channel access is 
allowed, devices sense the medium and if the medium is idle for a time specified as the 
Arbitration Interframe Space (AIFS), any device can access the medium if it is free. If a 
device senses traffic on the medium, it has to back off and start a randomly generated 
back-off counter that it may decrease as soon as the medium had been idle for the time 
specified as the AIFS. If the medium becomes busy again, the countdown of the back-off 
counter freezes until the medium had been idle fo r another AIFS period. The PCA 
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procedure is commonly known in other systems as contention-based Carrier Sense 
Multiple Access/Collision Avoidance (CSMA/CA). There is also a support for quality of 
service not only through the reservation protocol, but different devices uses different 
access categories to access the medium in a prioritized manner.  
 
Figure 4 illustrates three devices during a superframe involving a hard reservation, a soft 
reservation including a PCA access during the unused space in the soft reservation. The 
interframe time spaces have two different lengths , a Medium Interframe Spaces (MIFS) 
and a Short Interframe Spaces (SIFS) used in a burst transmission. The MBOA-SIG 
specification does also provide aggregated control data frames, combining more than one 
MAC data units into one PHY frame. The maximum frame size is however still the 
same.[4]  

4.1.2 DS-UWB 
Direct spread ultra wideband, 
supported by the UWB-forum, uses 
a special case of spread spectrum 
communication called Direct 
Sequence Spread Spectrum (DS-SS) 
for multiple access. Orthogonal 
codes are mixed with the data and the 
result is information spread in the 
frequency domain. The same code can 
then be used to correlate with the original 
spreading code and it is therefore possible 
to acquire the original data. If different 
orthogonal codes are used, the same 
spectrum can be shared by more than one 

Figure 5 DS-UWB uses DS-SS multiple access 

3 4 5 6 7 8 9 10 11 
3.1-4.9 GHz 6.2-9.7GHz 

Figure 6 DS-UWB Frequency bands  

Figure 4 Illustration of the procedures in the MBOA-SIG MAC 
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transmission, see Figure 5. If another communication takes place over the same 
frequencies, the code used to despread the data will correlate poorly and only lead to a 
higher noise floor.[5] 
 
DS-UWB supports operation in 2 different bands where the low band occupies the 
spectrum 3.1 – 4.85 GHz and the upper 6.2-9.7 GHz. There is a spacing between the 
bands to avoid Military frequencies, the ISM band used for IEEE 802.11a among others 
and radar, see Figure 6. There are six piconet channels in each band that have a small 
frequency offsets and different acquisition codes. The first four piconets in the low band 
are mandatory and the others are optional. The modulations used are Binary Phase Shift 
Keying (BPSK) and the higher order 4-Bi-Orthogonal Keying (4-BOK). BPSK is easy to 
implement and this is why every device needs to be able to both transmit and receive 
BPSK modulated signals. Since low additional complexity is required, it is also 
mandatory to support transmission of 4-BOK modulated signals. Reception of 4-BOK is 
optional according to the specification. The data rate is achieved by combining the 
forward error correction coding rate, achieved by puncturing, the acquisition code length, 
and the modulation type used. The rates vary between 28 and 1320 Mbps using either 
BPSK or 4-BOK.[6] 

 
The DS-UWB proposal follows the standardized IEEE 802.15.3 MAC layer specification.  
It is similar to the MBOA-SIG MAC but different in a few but important ways. The 
CSMA/CA based access is limited to a period called the contention access period (CAP) 
and is optional to implement. The CAP is manly used for non-stream data and command 
frames. A piconet master or coordinator keeps track of all devices connected and reserves 
a time slot in the TDMA based period called channel time allocation period (CTAP). It 
also notifies the other devices through beacons sent by the coordinator during the 
beaconing period.[7] 

4.1.3 Vendor A development kit 
The Wireless USB development kit from Vendor A is based on the MBOA-SIG and 
Wireless USB 1.0 approach. The kit is a combined CMOS PHY and MAC IC solution. It 
is based on a 0,11µm Silicon CMOS process on one chip. The features are: 

• Establishment of a wireless link 
• Generation of W-USB traffic 
• File transfer 
• Use of a USB device over the interface 

There are currently two interfaces available on the DVK for users, an SDIO and a USB 
2.0 interface. The eight LED status lights controlled by the firmware give an indication 
on the status of the device. The first light shows if there is any traffic on the USB 2.0 or 

Figure 7 DS-UWB superframe with beacon, CDMA/CS and TDMA periods 
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SDIO interfaces, the second light if there is traffic over the radio interface and the third 
light indicates if the ARM processor is executing its main loop. Band group one is the 
only one implemented and the radio operates between 3.168 and 4.752 GHz With the 
development kit are various antennas included.[8] 

4.1.4 Vendor B development Kit 
The Vendor B Development Kit is based on the MBOA-SIG and the wireless USB 1.0 
specifications. It is based on two chips, one SiGe-based RF chip and a CMOS-based Base 
band chip. A point to point data link can be set up using either Ethernet, direct data input 
via the MBOA MAC-PHY interface or an MPEG stream via a synchronous parallel 
interface. A USB 1.1 interface is used to control the device. 
 
The MAC supports data and video over UWB. It has internal test loops and a packet 
generator for testing. The development kit can be used as a cable replacement for 
Ethernet and used as a UWB signal generator. Band group one is implemented and the 
radio is therefore operating between 3.168 and 4.752 GHz [9] 

4.2 UWB candidates for higher layer protocols 
The MB-OFDM or DS-UWB radio platform requires a higher layer protocol. This means 
that there will be compatibility issues in the communication but limited collisions on the 
physical level between the protocols. If, however, both MB-OFDM and DS-UWB coexist, 
collisions and channel problems may occur. The different higher layer protocols currently 
most likely to appear based on the UWB radio platform will be evaluated. 

4.2.1 Bluetooth over UWB 
Bluetooth is a personal area network like UWB but with the big difference concerning the 
lower bit rate. The usage areas are therefore not as large as for UWB but more or less the 
same for low bit rate devices. It is therefore interesting to look at the Bluetooth 
applications to get an indication on how UWB may be used. Blutooth can connect 
keyboards and other peripherals to a computer. Laptops, handheld computers or mobile 
phones can be synchronized and in industry, Bluetooth is used for data logging, printing 
results etc. Different kinds of headsets may be used such as whole systems integrated in 
cars and regular hands-free solutions. As gaming moves to wireless, Bluetooth can be 
used to connect to other players and connect wirelessly to peripherals.[10]  
 
The Bluetooth Special Interest Group has announced that they intend to work with the 
UWB development groups for UWB. UWB would increase the transfer rate significantly 
and would make other application areas possible. It is also clear that enabling video over 
Bluetooth is on the roadmap. The Bluetooth SIG is, however, intending to maintain 
backward compatibility with present devices. There are not indications yet on what radio 
platform that is intended, the one from MBOA SIG or UWB-forum.[11] 

4.2.2 Wireless USB 
The Universal Serial Bus (USB) is the most successful interface in the PC history with 
over one billion units installed. USB has extremely strong support from the industry over 
a very wide range of products. The USB interface is controlled by the governing body the 
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USB Implementers Forum (USB-IF). The first version, USB 1.0 has a maximum PHY 
rate of 12 Mbps, it was revised and called USB 1.1, still with the same PHY rate. Later, 
USB 2.0, or USB 2.0 Hi-Speed was introduced with a 480 Mbps PHY rate. USB 1.1 is 
later also called USB 2.0 Full Speed. [12]  
 
The USB-IF decided that the MBOA-SIG UWB standard was a suitable radio platform 
for the new USB generation and even before the MBOA-SIG had a complete 
specification, USB-IF released its first version of the Wireless USB (WUSB) 1.0 
specification in May, 2005.  
When using the MBOA-SIG radio, the WUSB uses private TDMA like distributed 
reservation protocol (DRP) reservations to ensure quality of service and take advantage 
of the full potential of UWB as the DRP medium access method has the highest 
throughput performance. Within these reservations a virtual USB channel is created 
where application specific packets called Micro-scheduled Management Commands 
(MMCs) are sent. The MMC contains host identifying information, I/O control structures 
and a time reference to the next MMC. The time in between is either idle or used for data 
communication. Information about the direction of transmission is carried in the MMCs. 

 
In a USB system, there are only one host with a number of devices. The host is connected 
to the PC using an internal interface such as PCI and adds USB functionality to the PC. 
The new specification defines a new type of devices that allows a host to be connected 
via USB, both wired and wirelessly. These devices are referred to as wire adapters. A 
wire adapter connected to a PC using wired USB is called a host wire adapter and adds 
wireless USB connectivity to the PC. The other type is a device wire adapter allowing 
devices to communicate with a PC over a wireless link. The wire adapters create a new 
USB system with a host and a number of devices.[13] 

4.2.3 Wireless IEEE 1394 (Firewire) 
IEEE 1394 is a wired multimedia connection with high bandwidth enabling multimedia 
file transfers in real time. The standard was approved by IEEE in 1995 and can now be 
found in VCRs, printers, PCs, TVs, and digital still and video cameras.[30] A specification 
is finished and is based on the IEEE 802.15.3 MAC with a Protocol Adaptation Layer 
allowing IEEE 1394 to be sent over a wireless link. IEEE 1394 has said that they were 
ahead of time and that there was no PHY specified for UWB. The IEEE 1394 is working 

Figure 8 Illustration of a WUSB channel mapped on a MBOA-SIG UWB 
channel using DRP reservations 
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together with the MBOA-SIG, which might result in a new specification of wireless IEEE 
1394.[14] 

4.2.4 IP over UWB 
For the MBOA-SIG UWB radio, the Wimedia group as a founder of MBOA-SIG has 
defined their own IP over UWB protocol called Winet and may work in parallel with 
wireless USB and other higher layer protocols. There are two different modes included in 
the specification: ad-hoc where two devices connect to each other and a regular ip 
connection connecting to a larger network. The target applications are synchronization, 
audio/video streaming, network printing and Ethernet cable replacement. The primary 
focus is ease of use and security.[15] 

4.3 Other wireless connectivity standards in a mobile phone 
More and more cable replacement solutions break into the marker every year. UWB is 
one of many different standards and it is therefore important to compare these with each 
other. This chapter contains standards found in a mobile phone today targeting the same 
use cases.  

4.3.1 Bluetooth 
Bluetooth is a wireless personal area network operating on the unlicensed 2.4 GHz band 
for Industrial, Scientific and Medical (ISM) applications. Bluetooth operates on 79 sub-
channels ranging from 2.402 GHz to 2.480 GHz, having a bandwidth of 1 MHz. The 
output power is divided into three groups between 1mW and 100mW. The latest 
specification defines three different modulations and three raw bit rates. The standard 
modulation is Gaussian Frequency Shift Keying (GFSK) at 1 Mbps. The later addition to 
the specification is the 4-mode Phase Shift Keying (PSK) modulation and the 8-mode 
PSK at 2 and 3 Mbps, respectively , referred to as the enhanced data rates. GFSK is 
always used for the header part of each packet and the higher order modulations could be 
used for the payload if it is supported by the devices. 
 
The Bluetooth channels are 
characterised by pseudo random 
frequency hopping sequences, a 
slot timing and a channel 
dependent access code. The 
frequency is changed after each 
slot but not during a packet 
transfer lasting longer than a slot. 
When this happens, the hopping 
continues with the next in turn as if the previous hops had been performed (Figure 9). 
The maximum hopping rate is therefore not fixed but had a maximum value for the 
inquiry state at 3200 hops per second and 1600 hops per second in its connected state. 
One time slot is 625 µs and packets may extend over one, three or five time slots. The 
devices are organised in piconets with a master and several slaves topology. When 
connected, they are in Asynchronous Connection oriented Logical transport mode (ACL 
link). When voice data is transferred, a Synchronous Connection oriented Link (SCO link) 

Figure 9 Packet length and frequency hopping for 
different DH packet types in Bluetooth 
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is established and data may be transferred in a portion of this type of packets. For data 
operation in normal 1 Mbit ACL link mode, there are six different packet types available. 
Forward error correction may or may not be used, and a number indicates how many 
timeslots the packet will use. See Table 2.[16][17] 
 
Table 2 Bluetooth data packet types excluding enhanced data rates  

Asymetric (kbps) 
Packet Payload (bytes) FEC Symetric (kbps) 

Forward Reverse 
DM1 0-17 2/3 108.8 108.8 108.8 
DH1 0-27 0 172.8 172.8 172.8 
DM3 0-121 2/3 258.1 387.2 45.4 
DH3 0-183 0 390.4 585.6 86.4 
DM5 0-224 2/3 286.7 477.8 36.3 
DH5 0-339 0 433.9 723.2 57.6 

 

4.3.2 IEEE 802.11b 
The 802.11b is a wireless extension to the 802 local and metropolitan area networks 
standard that provides an overview and defines compliance with the 802 family of 
standards. A Local area Network (LAN) or Metropolitan Area Network (MAN) is a 
smaller network in the size of a building to a small city. This is in contrast to a Wide Area 
Network (WAN) that might connect different parts of a country and a personal area 
network that connects one room. The communication is packet based over the whole 802 
family.[18]  
 
There are fundamental differences between a wired LAN and a wireless LAN. A basic 
requirement is the radio that has to meet local regulations and it makes the creation of a 
standard more complicated. The location of a wired LAN is usually fixed, or at least 
equal to an address. In a wireless LAN, however, a device might move, disappear and 
reappear. Not only does the topology change dynamically, the medium is much less 
reliable than the wired standard. 
 
The basic building block of a wireless LAN is the basic service set (BSS). This can be 
explained as a cluster of devices that can communicate. There is mainly two ways a BSS 
can be created. The ad-hoc network is a configuration where two devices connect directly 
and the network exists only as long as it is used. The other type of connection is through 
a link referred to as an access point to a larger network called a distribution system. The 
distribution system may connect many basic service sets and a portal connects the 
network to a wired IEEE 802 network. 
 
Another major difference between the wired LAN and the wireless LAN is the level of 
security. A wired system is by definition enclosed by the wire’s physical restriction. A 
wireless link may be accessed well beyond its necessary boundaries. To enhance security, 
an encryption algorithm is implemented into the system called Wired Equivalent Privacy 
(WEP) and should provide a security level equal to a wired system. 
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The Medium Access Control (MAC) is based on primarily the Distributed coordination 
function where a carrier sense Multiple Access with Collision Avoidance (CSMA/CA) 
function is used. When a device is about to send, it first senses the medium. If it is free it 
may transmit. When it is busy, a timer called back-off timer is loaded with a random 
number. If the medium has been free for a set period of time, the back-off timer may be 
decreased and when it has reached zero, the device may try to transmit again. To prevent 
collisions, a prediction function is used and when a device is sending a packet, it notifies 
all other stations how long it will take and they store the information in a network 
allocation vector, If this contains a number, the device is not allowed to transmit. There is 
also an optional medium access method called Point Coordination Function, where a 
device acts as a coordinator and sends small control frames called beacons to notify each 
device when they are allowed to use the medium. The two medium access methods must 
be able to work together so that a device not supporting the point coordination function 
still may use the medium. 
 
The modulation used depends on the data rate but uses direct sequence spread spectrum 
with an 11-chip code. The baseband modulations used is Differential Binary Phase Shift 
Keying (DBPSK), Differential Quadrature Phase Shift Keying (DQPSK) and 8-chip 
Complementary Code Keying (CCK) for the highest data rates.[19] 
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4.4 Theory of High-speed interfaces 
In low-speed design, a good approximation is that all circuit elements can be treated as 
ideal. For high-speed design, however, this approximation is no longer valid as passive 
elements directly affect the signal performance. This means that all elements need to be 
included in a high-speed design model.  Passive elements mentioned are for example 
packages, PCB traces and PCB properties such as dielectric constants. It is also important 
to include the electromagnetic properties of a system as the wave length decreases. These 
include signal reflections, crosstalk and interference from other electromagnetic sources. 
A wire, used in low frequencies to short a circuit, will have a large enough inductance at 
high frequencies not to short the signal and a flat wide object must be used instead. Not 
many electrical parameters, circuit elements or passive components, remain constant over 
more than 10 frequency decades and it is therefore important to determine at what 
frequency range the parameters are valid for.  
 
A digital signal is in its ideal form a square wave, thus according to Fourier analysis 
containing an infinite amount of frequencies. This is not the case with real signals 
because they are never perfect square waves but have some sort of rise and fall time. By 
noting this, it is easy to understand that the clock signal or rate of the rising edges is not 
the only important frequency component when determining what frequency range it 
occupies. More important is the rise and fall times. If a spectral power density diagram is 
produced from a random bit stream, there are two features that are easily observed. The 
clock rate and its multiples show up as local minimum points and there is a knee in the 
diagram where the power decreases with rising frequency at a much faster rate. This 

frequency is directly related to the rise and fall times by 
r

knee T
F

5.0
=  where Tr is the time 

it takes for the signal to rise from 10% to 90% of the signal amplitude. This means that 
most of the energy of the signal is distributed at frequencies below the knee frequency. If 
a system has a rather flat frequency response up to the knee frequency, the signal will 
pass through practically undistorted. Even though the knee frequency gives a rough idea 
on how a signal will be affected by a system, it is an approximation and when this is not 
precise enough, a full analysis needs to be carried out using full Fourier analysis. 
 
Another large difference between high frequency design and low frequency design is 
reactance. In high frequency design, one has to take into account for four different kinds 
of reactance. The two kinds from low frequency design, capacitance and inductance, as 
well as mutual capacitance and mutual inductance. A step response analysis is a good 
way to gain knowledge of a system. A pure capacitance will let the rising edge through, 
but not slow changes or the final dc level. An inductance on the other hand will block the 
rising edge and let through the slow changes and the final dc level. These properties are 
no different from any design but more specific for the high frequency design is the 
mutual effects. Where two circuits exist, they will always interact electrically. Mutua l 
capacitance is the parasitic capacitance between two circuits. The injected current IM 
from one system into another is proportional to the rate of change in the first system as  
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dt
dV

CI A
MM =  where CM is the capacitance between the two systems. Mutual inductance 

reefers to the phenomenon where any loop of current creates a magnetic field absorbed 
by a loop in another system. The mutual inductance LM between two systems injects a 

voltage VM into the other circuit as
dt

dI
LV A

MM = . Both mutual inductance and mutual 

capacitance injects a current and voltage respectively depending on the frequency in the 
first system. We understand that the problem becomes important only at higher 
frequencies and increases with an increasing frequency result ing in problems such as 
crosstalk, interference and power dissipation.[20]  

4.4.1 Power consumption on interface pads 
Power dissipation is often given in data sheets as supply current ICC drawn by the circuit. 
This does often not reflect the operation during data transfer and especially not at high 
frequencies. The power consumption can be divided into four main groups. 

- input power 
- internal dissipation 
- drive circuit dissipation 
- output power 

The input power into the circuit includes power dissipated in the circuit feeding the 
circuit of interest. This is usually a relatively small power and depends on the termination 
or capacitance in the circuit. If this is on a chip, the power dissipated in the feeding 
circuit due to the bias network or load in the circuit of interest is not large enough to gain 
significance. 
 
The power is directly related to the output power of the logic but this is rarely mentioned 
in data sheets. The power consumption when holding the output in one state is called 
quiescent power dissipation. This power is calculated by adding IV ⋅ for each circuit 
element in the driver with no load attached. The quiescent power is usually what is stated 
in the data sheet for a driver. This is one way of measuring the internal dissipation, the 
other is to measure the power consumed by the device when the input is in random states, 
giving something called active power dissipation with no load connected. The static 
power consumption of a CMOS transistor is in theory zero, but due to leakage, A CMOS 
transistor will always let a small amount of current through. The leakage current is in the 
order of nano amperes, making this effect interesting only in networks with thousands or 
millions of transistors.  
 
When connected to a load, the driver must drive this load high and low. The extra power 
dissipated during this process, drive circuit dissipation, gives the active power dissipation 
with a load connected and can expressed as Poweractive=frequency*excess ene rgy per 
cycle. The most common sources of active power dissipation are load capacitance and 
overlapping bias currents. This holds for any load, but with different excess energy per 
cycle. In a MOS transistor system, the load is mainly capacitive. The gate oxide in the 
MOS transistor creates a capacitance together with parasitic capacitances over the 
transmission media. CMOS is the most popular way to implement logic and this case will 
be explained further. In the case where the load is resistive perhaps in a bias network or 
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an impedance matched termination, the power dissipated in the load is referred to as the 
output power. The output power when driving a bias resistor or a resistive termination 
can be a significant part of the total power consumption.[20]  

4.4.2 Power dissipation in interface pads with a capacitive load 
The toggling is controlled by the voltage potential across the gate oxide of the CMOS 
transistor at the load. This does not require any energy except for the small leakage 
current in the transistor. To toggle the capacitive load, however, the capacitance needs to 
be charged and as the driver has a finite resistance, energy is dissipated in the driver. 
When driven low, the capacitive load will need to be discharged and energy is once again 
dissipated in the driver. The energy used to charge the capacitive load is exactly the same 
as discharging the load, neglecting leakage. By definition, charging a capacitance 

requires a work, 2
arg 2

1
VCW eCh ⋅= , And as the same energy is required to discharge the 

load, 2
arg 2

1
VCW eDisch ⋅= , the total power dissipated during each cycle is 2VCW ⋅= . 

When the cycling rate is a system of alternating transitions between 1 and 0, the clock 
channel equals one half the clock rate. If the system consists of random transitions, the 
frequency used in the equation is approximated statistically by one fourth of the clock 
cycle to give an accurate power consumed with the specified load.  
This results in the following equations, 

2VCfW loadclkClock ⋅= , 2

2
1 VCfW loadclkgAlternatin ⋅= , 2

4
1 VCfW loadclkrandom ⋅=  

It is important to note that the power is not dissipated in the load capacitance itself but 
expended heating up in the driving circuit. [20]  

4.4.3 Capacitance calculations 
The capacitance C=Q/V0 is defined based on the relationship between the electric field 
and the surface charge density built up to counteract the field. The surface charge density 
can be expressed by Q/A. If it is assumed that the electric field is only flowing in the 
direction from the signal wire to ground, an 
approximation valid as long as the distance between 
the metal plates is small relative the length and width 
of the charged plates. Given this, the capacitance can 
be calculated according to the following expression: 
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In more complex situations the capacitance must be 
calculated with respect to fringe-field effects and this 
value might differ from the approximated value when 
the structures are narrow.  
 
Capacitance can also be derived from a step response 
by using the relationship between rise time and the 

Figure 10 Step response from a 
50 pF load 
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thevenin network equivalent resistance.  

R
c τ= , Where t is the time it takes for the signal to reach 63% of its final value. To show 

this, a simulation performed in Advanced System Design (ADS) will illustrate how the 
known capacitance can be derived from the simulation result. The amplitude is 3 V and 
63% of 3 V is as seen in Figure 10, is 1.89 V. The time it takes for the signal to reach 
1.89 V is 21.6-16.6 ps => t = 5 ps. With a resistance of 100 O the capacitance is 
calculated to the expected value of 50 pF. 

4.4.4 Overlapping bias currents 
When an output stage is in the middle of a transition, both transistors might conduct 
simultaneously for a short period of time, leading to a current flowing through the circuit. 
The amount depends entirely on the design and on the technology used. Generally, the 
longer input switching time, the longer transition time and larger overlapping bias current. 
This is only relative to each design and can not be connected to any interface standard. 
The power dissipation from the overlapping bias current at each transition should 
therefore be added to the power dissipated by a capacitive load on every cycle.  [20]  

4.4.5 Ground bounce 
The ground plane in a package is usually connected to ground on a PCB by a ground pin. 
This pin with pad and bond wire has an inductance, small but large enough at high 
frequencies. If a capacitive load is connected to a high frequency output, then it will be 
charged and discharged as described in the section about power consumption in high 
frequency digital design. The discharging leads to a current going from the capacitive 
load through the driver and the ground pin to ground. This change in current causes a 

potential to be built up over the output pin inductance as
dt

dI
LV edisch

GNDGND
arg= . This 

means that the ground potential of the circuit is higher than the actual ground plane for a 
short period of time. This is called ground bounce and can have a negative effect on 
receiving circuits where the input signal is compared to the internal ground reference. [20]  
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4.4.6 Voltage margin 
Voltage margin is the margin measured in voltage for when a signal is interpreted 
correctly. The upper limit is the lowest guaranteed output voltage from the driver and the 
lower limit is the lowest voltage level in the receiver to be certainly interpreted as a 
logical one. The voltage margin is the difference between these or the logical zero 
equivalent levels. 
 
The margin is important as it works as a buffer for imperfections in the transmission, and 
therefore indicates how robust the transmission is. Some reasons for why a margin is 
needed are: 
 

- Dc power supply ground reference change, due to resistive ground paths. 
- Return signals causing ground bounces – ground potential differences. 
- Reflections distorting the signal. 
- Temperature differences degrading the margin level.  

 
By displaying the interface signal in the time domain at the load triggered on a multiple 
of the period, an eye diagram is obtained. The 
eye diagram can be used to measure the 
voltage margin in a real system.[20] 

4.4.7 Differential signals 
To overcome some of the problems with high-
speed design mentioned earlier in the report, 
differential signals can be used. A Differential 
signal is a signal that is divided and sent over 
two paths and a receiver that uses the 
difference between the two signals rather than 
comparing the incoming signal with ground. If 
both signals experience the same interference 
from its surroundings, the difference will still 
be constant.  
 
There are a lot of benefits, however, it introduces some new problems as well. The 
biggest problem is the design problem. The surroundings should be as similar as possible 
for the two paths and the length should be the same. The benefits are many, the common 
noise immunity where both paths are affected equally, is the main benefit resulting in 
others. The low noise susceptibility makes lower Signalling voltage possible together 
with lower requirements on rise and fall times. This means lower power consumption, 
lower knee frequency and less emitted electromagnetic flux. The lower knee frequency 
means that the clock frequency can be higher on the same path.[21][22]  

4.4.8 Measurement techniques - oscilloscope 
When measuring a digital signal, the rise time determines what bandwidth will be needed 
to display the signal. Both the oscilloscope and the probe bandwidth is important as each 

Figure 11 PCB complications with 
differential signals.4.[21] 
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element in the chain changes the displayed signal compared with the true signal. Each 
part has a step response and will change the signal and if the instrument has poor 
properties, the displayed information might be significantly altered. There are mainly two 
ways manufacturers state bandwidth, the RMS frequency or the 3dB bandwidth. To 
convert these into a step response, one can use the following equations: 

RMSdB F
T

F
T

361.0
,

338.0
%90%10

3
%90%10 == −− The final displayed step response is the square root of 

the sums of the square of all elements in the chain. 22
_

2
_ _ prober

tttt peoscilloscorrdisplayedr ++=   

The same procedure can be used to find the true value from what is seen on the 
oscilloscope by knowing the bandwidths of the oscilloscope and probe and using the 

equation 22
_

2
_ _ prober

tttt peoscilloscordisplayedrr ++= .  

 When probing the device, it is important not to change the device under test more 
than necessary. For a 10% effect, the probe impedance needs to be at least 10 times 
higher than the source impedance. When measuring at high frequencies and digital 
signals with short rise times, it is important that the impedance ratio holds for the highest 
frequency component or at least the knee frequency in a digital signal. [20]   

4.4.9 Electromagnetic compatibility 
Electromagnetic interference is of high importance in any system both for compatibility 
reasons within the system and to meet industry regulatory regulations. Both emission and 
susceptibility should be taken into consideration. All currents in a system radiates and 
does so more efficiently at higher frequencies. EMI occurs as differential mode or 
common mode radiation from current loops and wires acting as antennas. The radiation 
can be described as proportional to: 
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λ  Where I is the different currents, A is the loop 

area, r is the antenna distance and l is the antenna length. This means that using the 
lowers frequencies possible, minimizing currents and antenna dimensions reduces 
the EMI. The frequency usually has a lowest possible value for other reasons such 
as power control, which leaves antenna dimensions and currents as design 
parameters.[23]  
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5 Applications 

5.1 UWB usage areas 
The intended areas of usage for UWB applications can be divided into five different areas: 

• Office area 
• Home area 
• Music area  
• Gaming area  
• Entertainment area  

Within these areas, UWB is designed to eliminate the need for cable interconnects.[12][24]  

5.1.1 Office and industry 
In the Office cluster, the centre device is a computer 
connected to peripherals such as printers, PDAs etc. UWB 
can be used to eliminate the cables to the printers and other 
peripherals. Also, PDAs could be synchronized quickly by 
bringing them within range of the computer. Documents 
and other files are increasing in size and the PDA 
complexity is increasing with it. This calls for higher bit 
rates. UWB is also a potential interface in industry for data 
logging and control. UWB can eliminate any cable where 
High-speed USB is used today.  [12][24]  

5.1.2 Home 
The Home area differs from the office by including more entertainment and multimedia 
devices. Different cameras and camcorders are becoming a larger part of the home 
computer usage together with personal music and video players. The need to transfer 
large data files and handle high bandwidth streams has gone up dramatically and will 
probably continue to grow with the increasing number of video and music players and 
large storage space in these. UWB could provide the performance needed for these 
devices.[12][24]  

5.1.3 Music 
UWB is designed for a broad market. Depending on what higher 
layer is being used, client devises can communicate without a host, 
or by using protocols that include a dual role function to create a 
host. One drawback here is the different protocols in the higher 
layer. Wired F irewire is the most common higher layer protocol 
for use with streaming media today, but wireless IP, wireless 
Bluetooth or wireless USB could also be candidates in future 
systems. This could cause compatibility issues or confuse users. 
[12][24]  

Figure 12 Office 
applications for UWB 

Figure 13 Music 
applications for 
UWB 
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5.1.4 Gaming 
UWB is designed for high quality media transfer and this is expected to be one of its uses 
in gaming areas where game controls, displays and music receivers are communicating 
over a UWB link. Game controls such as game pads are also expected to be able to 
communicate over a UWB link.[12][24]  

5.1.5 Entertainment 
As in the gaming cluster, the entertainment area uses a UWB link to send picture and 
sound to a receiver and a television wirelessly. But what is more of interest is that a 
camcorder or a camera could use the same UWB link to display pictures and video on the 
big display and play sounds through the receiver.  [12][24] To play regular video, in DVD 
quality, 3-7 Mbps in consumed, HDTV requires 19-24 Mbps. With the capacity of UWB, 
there are space for many simulations streams and still bandwidth left for other 
applications.[24] The different protocols used with UWB can as in the music area cause 
complications. 

5.1.6 Dual-role devices 
Devices that connect to each other without relying on a host must have a higher layer 
supporting this. WUSB supports this by something called dual-role or USB On the Go 
devices. These devices can act like a device or a host depending on the situation. An 
example of this is a mass storage device. It might act like a mass storage device when a 
PC is connected to one, but also as a host for a camera when uploading pictures to the 
mass storage device. [12] [24] 

5.2 UWB use cases for mobile phones 
Mobile phones with multiple capabilities fit into many of the usage areas for UWB. 
There are mainly four types of connections where a mobile phone can use the 
possibilities of UWB. 
 

1. File transfer 
2. Streaming media 
3. IP connection 
4. Peripherals 

 
Presently, there are a few different ways to connect mobile phones. Wired technologies 
ranges from non-standard serial interfaces to  USB 1.1/2.0 and 1394. Memory cards are 
used to transfer information as well as wireless technologies including WLAN and 
Bluetooth.[26] 

5.2.1 File transfer 
Computer files used both in the office and in the home are getting larger. Users nowadays 
generally own gigabytes of data. As mobile phones are getting more sophisticated, there 
is a growing need to transfer more and larger files to the phone. Weather or not the files 
are transferred in a synchronization process or simply moved between the devices, speed 
is a key factor. Not only because faster transfer speeds mean less waiting time, it may 
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also result in less energy consumed. The storage memory of mobile devices will soon 
reach several GB and this call for a faster wireless link compared to what is available 
today.[12] [24][25]  

5.2.2 Streaming media 
Another area where the role of phones grows is in the multimedia field. Phones are 
already able to play and record movies and pictures with large screens and high 
resolution cameras as well as playing music. UWB is also designed for protocols able to 
stream media. Even though streaming has only been used in mobile phones in the past by 
voice over a wireless link, new multimedia features on the phones will possibly lay 
ground for new applications in the area. There are two different cases here: first, a phone 
streaming media to another system; secondly, the phone receiving a streamed media from 
another device to play on the phone. Both of these scenarios are possible with UWB and 
will probably merge into the mobile phone market sooner or later. [12][24][25] 

5.2.3 IP connection 
IP connection is important in the new packet switched network based phones. An IP 
connection is usually made over a WAN, LAN or in the future, possibly a PAN such as 
UWB. The usage for such connection is almost unlimited, but to name a few, Email, 
instant messaging, voice over IP, online gaming and file transfers are candidate 
areas.[12][24][25]  

5.2.4 Peripherals  
When connecting a peripheral to a mobile phone, UWB could be used as a cable 
replacement. Possible applications are printing, headsets, portable keyboards etc.[25]  

5.3 Symbian OS and packet based communication 
The mobile market is different from market around fixed appliances in many aspects. 
Mobiles are small, portable and expected to always be available. Scaling down of the 
operating system for a larger system like a PC would result in many compromises and 
does not meet the expectations of for example stability, power management and 
availability. A mobile device is expected to have a minimum start up time, always be on 
and never require a reboot or system update. 
Symbian OS is based on five key characteristics that are believed to make the mobile 
phone market unique: 
 

1) Mobile phones are small and mobile. 
2) Mobile phones target a mass-market. 
3) Mobile phones are occasionally connected to a network. 
4) The market is innovative and competitive. 
5) Software vendors need an open standard. 

 
Power management is a key requirement for a mobile device. It needs to provide many 
hours of operation on a single charge and should even when appearing to be powered 
down, be able to set off alarms etc. Mobile phones are small and the operating system 
needs to be compact to fit into the memory but also provide the desired functionality. 
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In a way to make the system more stable, Symbian reduces the possibility of user code 
making the whole system go down. This is done by minimizing the kernel and letting the 
system servers handle much of the functionality. 
 
Another important task is to handle the incomplete coverage. The phone has to work 
smoothly around being connected to a network and working on its own. 
Because of the innovative market of mobile phones, Symbian OS needs to be open and 
flexible and give the producers freedom to customize the devices. This together with 
consistent and rich documentation is important when attracting third party developers as 
well as a must for internal use with the different companies [12][26][27][28] 

5.3.1 Evolution towards packet switched networks 
2.5 and 3G are packet-switched technologies with a vision of being always on. The 
fundamental change was that there is an IP-address assigned to the phone, changing the 
situation for both applications and the charge model used by operators. Symbian OS is 
natively IP-based, removing the need to move the system from the circuit-switched 
system and the complication such move would bring.  
Symbian OS is prepared for the transition between IP version 4 to version 6 that will be 
the next move where every mobile is individually addressable, making peer-to-peer 
services possible. [26]  

 
This follows the roadmap for UWB and as a packet switched system is integrated with 
UWB and possibly WiNet, a seamless IP connectivity could be achieved using UWB. 
This also calls for a high-speed interface supporting packet switching technology. 
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6 Hardware requirements for UWB 
There are some requirements needed for UWB such as an interface and an appropriate 
power regulator. However, to make the full use of UWB, the hardware will need to match 
the performance of UWB. UWB has a maximum transfer speed ranging from 480 Mbps 
and beyond 1 Gbps depending on the technology used. The actual throughput of MBOA 
at MAC level has been numerically calculated to 398 Mbps. Simulations confirms this 
and even if this is measured as an ideal case between two devices, it can be used as a goal 
when selecting suitable hardware.[29] The high-speed exceeds the limitations of existing 
solutions currently used in mobile phones, especially together with other bandwidth 
demanding devices if they share the same resources. Power supply, voltage control 
circuits, EMI as well as PCB space needs to be included in the hardware survey.  
 
The most critical problem when implementing UWB is the high bit rate. The power 
consumption of a high transfer rate over the air may still be utilized by using buffers and 
burst transmissions. However, to take advantage of the improved transfer times fully, the 
high-speed interface need to match the UWB bit rate. Scaled CMOS technologies have 
enhanced on-chip performance over the years. Off chip data rates, on the other hand, has 
not increased in the same way. This is mostly due to the high power consumption 
necessary for driving impedance controlled interconnects. This is why power 
consumption remains the key factor when selecting a suitable interface for a UWB 
module.  
 
There are two main types of interfaces commonly used today, single ended and 
differential signals. Single ended signals use a single signal to transfer the information 
and a differential signal consists of two signals, one with the data and one with the 
inverted data resulting in the information being transferred as the difference between the 
two signals voltage levels at the receiver. 

6.1 Single ended high-speed interfaces 

6.1.1 ULPI (UTMI+ and UTMI+ low pin interface) 
UTMI+, USB 2.0 Transceiver Macrocell Interface, is a standard interface developed for 
USB 2.0 devices. Often when implementing USB into a product, it is wise to implement 
the digital logic into an ASIC and keeping the USB PHY in a separate chip. UTMI+ was 
not ideal for use with an external PHY as the number of signals in the specification is 
large. The original interface UTMI, has at least 22 signals and with added support for 
USB On the Go, UTMI+ has at least 35 signals, resulting in package sizes of between 54 
and 80 pins. This is costly and takes up a lot of PCB space. This is why a low pin 
interface was needed.[30][31][32]  
 
ULPI  is a low pin interface standard, identical in function to UTMI+ but with eight to 
twelve signals only. ULPI is a bidirectional parallel interface using logic level signalling. 
Instead of many control signals, ULPI uses registers and sends read and write commands 
over the data channel. The ULPI interface specification allows two different 
configurations, one with 8 regular data signals and one configuration using double data 
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rate and only 4 signals. Both versions have three control signals used to interrupt data 
transmission and control the bus direction. There is a low power mode where the PHY 
can be powered down and the clock stopped. The interface pins must remain active so 
that the low power mode can be interrupted.  [30][31][32] 
 
Low power consumption is according a manufacturer of ULIP transceivers a key feature 
and by using a core power of 1.8 V, it is said to deliver very low power consumption.[33]A 
rough estimation made by Altera Corporation for toggling data on a 3.3 V Low Voltage 
CMOS (LVCMOS) signal is 27 mW for the eight data lines at a rate of 78 MHz, resulting 
in a power consumption of 43 pJ/bit.[34] Vendor A, however, are using the ULPI interface 
between its main chip and the USB 2.0 host PHY, the power consumption on the link is 
according to Vendor A communications over 100mW, 156 pJ/bit.1 An analysis of the 
power consumption for all CMOS based Signalling in a typical smart-phone environment 
is performed in section 6.3. 

6.1.2 Serial Peripheral Interface 
The Serial Peripheral Interface (SPI) is one of the most frequently used interfaces in 
mobile phones today. It has one data signal in each direction, one clock signal, a slave 
select signal and an interrupt signal to the host. There are four types of command 
sequences in the specification. Read and write command as well as host and slave DMA 
transfers. It is a synchronous master and slave interface using logic level signalling at 
rates up to 66 Mbps although lower rates are often specified.[34] It should also be 
mentioned that the synchronous parallel interface is also called SPI. An estimation of the 
power consumption is performed in section 6.3 

6.1.3 Secure Digital IO Interface 
Secure Digital IO interface is an interface based on logical levels found in many portable 
devices today.  The Secure digital interface is often used in SD readers for not only 
memory cards but also for other peripherals complying with the SD standard. For this 
reason, there is a separate interface specified for a SDIO card interface without full 
support for other devices than SD cards called SD card interface. 
 
The electrical interface of both interfaces consists of four bidirectional data lines, a clock 
signal and a bidirectional control signal. The clock rate on the interface is between 0 and 
25 MHz resulting in a bit rate of up to 100 Mbps.[36]  There are four modes in the SD 
specification for transferring the data: SD four bit mode, SD one bit mode and a SPI 
mode. All four modes are communicating over the same data pins, although not all pins 
are used in all modes. The SD four bit mode is only mandatory for high-speed devices.[37] 
An estimation of the power consumption is performed in section 6.3 

6.1.4 Interface X 
Not included in this version due to confidentiality reasons. An estimation of the power 
consumption is performed in section 6.3 

                                                 
1Vendor A 
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6.1.5 Mobile Pixel Link 
National Semiconductor has developed a high-speed serial interface called mobile pixel 
link (MPL) based on their serial interface used together with PC laptop displays. A small-
magnitude current is used as the signal. There are two different classes used for different 
bit rates and robustness. Class 0 uses 0.15 mA and 0.75 mA for a 160 Mbps link creating 
a 40 mV swing over a 50 ohm termination. Class 1, a 750 Mbps link, uses 0.66 mA and 
3.33 mA to create a 130 mV swing. The low swing makes the standard scaleable in terms 
of supply voltage and CMOS process. The standard uses dual data rate and the clock is 
therefore one half of the bit rate. Less than 5K gates are used in the logic and a PLL, if 
used, will need to be included in the total power dissipation. The interface assumes a 
characteristic impedance of 50-80 ohm. National Semiconductors report that the power 
consumption is near 5 mW/Channel for Class 0 devices and 10 mW/Channel for Class 1 
devices not including the PLL.[38]2 

 

6.2 Differential mode high-speed interfaces 

6.2.1 Low-Voltage Differential Signalling 
LVDS is a standardized electronic interface 
physical layer. The standard does not define 
a protocol, interconnects etc. The low power 
consumption and benefits from low swing 
and differential Signalling make the LVDS 
standard interesting. Since LVDS became a 
standard, many other standards have been 
developed based on the same principals. 
This makes the standard important in a 
much broader sense. A current source limits 
the current to about 3 mA. By using a 
current source instead of a voltage source, some advantages can be achieved. A current 
source limits spikes, allows hot plugging and the current supply remains flat as operation 
frequency increases.  
 

                                                 
2 Magnus Thulesius,  Field Application Engineer,  National Semiconductor AB 

Figure 14 Illustration of the MPL high-speed interface 

Figure 15 Illustration of a LVDS link 
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Generally, for a standard LVDS interface, the voltage swing is between 250 and 450 mV. 
This is possible because the differential data transmission is immune to common mode 
noise. The low voltage reduces the need for fast rise and fall times. This reduces 
reflections and together with equal and opposite currents flowing in the transmission lines 
and limited current spikes, low electromagnetic interference is achieved. LVDS can be 
used for links at speeds over 1.5 Gbps and aggregation can provide multi Gbps links. The 
power consumption is around 1.2 mW, excluding load, PLL, receiver and driver logic, 
resulting in a 0.8 pJ/bit power consumption. The ANSI/TIA/EIA-644-1995 standard 
defines a LVDS link with a voltage swing of 300 mV. The IEEE 1596.3 LVDS standard 
defines a similar interface but with an even lower voltage swing of 250 mV. The LVDS 
signal is carried on a common mode voltage equal to 1.2 V. [39] 
 
There are two ways to implement the clock signal. Either a separate link, or embedded 
with the data. This has a large impact on the line power consumption as another PLL is 
needed in the receiver,[40] consuming power in the same range as a separate clock signal. 
The PLL and logic consumes the most power and the final difference is therefore not as 
significant.[39]   

6.2.2 Standard Mobile Imaging Architecture Part 2, CCP2 
SMIA, Standard Mobile Imaging Architecture, is an open standard developed by Nokia 
and ST microelectronics with no access restrictions for camera modules in mobile 
systems. It includes more than the high-speed interface called CCP2 which is part two in 
the standard. CCP2 is a version of the IEEE 1596.3 LVDS standard but with reduced 
power consumption. The physical layer, called SubLVDS has a voltage swing of 150 mV. 
The current depends on the operating frequency as Itotal=IDC+IAC*f. This result in a current 
consumption between 5 mA and 6.7 mA for frequencies in the specified range of 1-416 
MHz. With a specified voltage in the range 1-1.95V, the total power consumption is 5-13 
mW or at least 20.1 pJ/bit for the line at the highest bit rate. This results in a 416 Mbit 
link including the clock signal at 26 mW. The specification also defines a shut down 
signal for power saving purposes. The data transfer protocol is compatible with the I2C 
protocol without special addresses.[41]  

6.2.3 High performance links based on LVDS 
Skyrail is a physical interface by Mindspeed used mainly to link high-speed fiber and 
Ethernet connections. Each data line operates between 1 and 3.2 Gbps. The total power at 
3.2 Gbps is 2.9 W or 878 pJ/bit including all control logic with all features turned on. The 
type of connection is a low voltage differential signal with a programmable output swing.  
RocketIO, an interface based on Skyrail, compatible with the PCI express, Aurora and 
Gbit Ethernet protocols.[42][43][44]  

 
RapidIO is another LVDS based heavy weight serial interface with a swing of 500 mV 
designed to link network processors. HyperTransport is designed to link high 
performance processors. All of these interfaces have high complexity and are designed 
for high performance with a trade off on power consumption.[44][46] 

 
InfiniBand is a high performance interconnect standard mainly for servers. 
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SerialLite is a lightweight backplane serial interface and protocol running on speeds up to 
3.125 Gbps per data line. It supports unrestricted sized integrity checked packet-based 
data as well as streaming data with error detection. However, there is no support for 
Quality of Service and the standard does not contain power management. The power 
consumption for the link is claimed to be only just larger than 10 mW at 1 Gbs.[44]  

SerialLite is based on XAUI also called 10 Gbit Attachment Unit which is a four pair 
differential connection developed for use between the media access control and physical 
layer in 10 Gbit Ethernet, IEEE 802.3ae.[44][45][47]   

6.2.4 BLVDS, M-LVDS 
LVDS is limited to node to node transfer and therefore, different new standards have 
been developed to be able to use LVDS in a bus environment. One of these standards is 
BLVDS, using the electrical properties from LVDS but with multipoint support. BLVDS 
can be built in three different configurations. One configuration is a structure with one 
transmitter and more than one parallel receiver and another with a transmitter in the 
middle of a transmission line pair and receivers on both sides. The configuration with a 
transmitter in the middle of the transmission line pair requires a termination in both ends 
to maintain the same voltage swing and to prevent reflections. The third method includes 
many transceivers on the same pair of 
transmission lines terminated in the end of 
both sides. See Figure 16. More 
transceivers or receivers on the same 
transmission line adds larger capacitive 
load and lowers the line impedance. To 
maintain matched impedance at the 
terminations, the terminators impedance 
needs to be as low as the transmission line 
to prevent reflections. The low impedance 
results in a higher power consumption. [39]  
 
M-LVDS stands for multipoint LVDS and is standardised as TIA/EIA-899. The 
difference is mainly an increased common mode voltage of ±2 V for increased robustness 
instead of ±1 V as defined in the LVDS standard. M-LVDS is aiming towards a broader 
market than BLVDS by providing robustness and support for mixed connections such as 
PCB traces, Backplanes and cables as well as a mix between these.[48]  

6.2.5 Ground-referenced Low Voltage Differential Signalling 
GLVDS is a LVDS based interface with a 
voltage offset closer to ground. The idea 
behind GLVDS is to be able to use lower 
power sources. By staying between 0 and 
0.5 V, the supply voltage may be as low as 
0.5 V in a suitable CMOS process. A 
common mode voltage close to ground 
does also result in an easier design of the 
receiver. The line current is scaleable and 

Figure 16 Transmitter-receiver 
configuration for BLVDS . 

Figure 17 Illustration of a GLVDS link 
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can therefore be customized according to the line length used. As seen in Figure 17, the 
interface is not much different from LVDS.[48] 

6.2.6 Scalable Low Voltage Signalling, SLVS-400 
SLVS is a chip to chip interface defined by the 
JEDEC standard JESD8-13 called SLVS-400. It is 
based on the same idea as LVDS but with ground 
as the ground potential. The interface can be 
illustrated as two wires with one carrying the 
signal and one the inverted signal.[49] The receiver, 
however, could be implemented in the same way 
as an LVDS differential receiver.3 The benefit 
from using SLVS is that the voltage generation of 
a third common mode voltage is eliminated. There 
are two ways to implement SLVS, either current-
switched or voltage-switched. Current mode 
consumes twice as much current as voltage mode 
due a termination in the transmitter (See Figure 
18).Both driver and terminator must match the 
line impedance to reduce reflections. With 
reduced bit rate to allow line settling, SLVS can 
be used with an unterminated load.  
 
Voltage switched SLVS consumes half the amount of power compared the LVDS 
because there is no path directly to ground in the driver as in Current mode SVLDS.[49]  

6.2.7 Interface Y by organisation Y 
The organisation Y is working on a standard interface to connect internal modules in a 
mobile phone. This is not included in this version due to confidentiality reasons. 

6.3 Power consumption for single ended interfaces 
To approximate the power consumption of the CMOS interfaces, a typical phone 
environment is used. It is used as a reference when calculating a representative value 
regarding power consumption and to serve 
as a reference to a general list of properties 
that the power consumption depends on. The 
high-speed link between A, B and the C was 
used to get an idea of the power 
consumption of a link used today and to 
approximate the power consumption of 
similar interfaces in the future.  
 
The link used for this purpose is an interface Z with a 25 MHz clock, four data lines and a 
control signal. A shares the same access to the memory and there is therefore a switch 

                                                 
3 Organisation Y 

Figure 18 Current-s witched and voltage 
switched transmitters where I = 2xIc 

Figure 19 High-speed SD-card interface 
between different parts of a mobile 
phone 
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that directs either the B or the A information to the part called C. C, however, is in the 
phone placed connected to the main PCB with a flex cable. To simplify the example , is in 
these calculations assumed to be located before and without the flex connector. At PCB 
layout level, the lines have the following dimensions.4 
 
Table 3 signal wire lengths on example PCB 
Line Length Width Area 
A-Switch 48 mm 0.1 mm 4.8 * 10-6 mm2 
C-Switch 43 mm (to flex connector) 0.1 mm 4.3*10-6 mm2 
B-Switch 50 mm 0.1 mm 5.0*10-6 mm2 
 
The Signalling type is a CMOS signal at 3.3 V and the power consumption depends 
mainly on the load capacitances as discussed in theoretical background section. To 
estimate the load capacitance, the PCB traces and via capacitances is calculated and pad 
capacitances for the various integrated circuits are obtained from each chip’s datasheet. 
In some of the datasheets, the output capacitance is not stated and it is then assumed that 
they have the same capacitance as the input as the same pad structures often are used as 
both outputs and inputs.5 
 
The PCB used in the analyzed example is an 8 layer 
structure and its specification can be found in Appendix 
A.[53] The PCB traces belonging to the SDIO card interface 
are not routed in a straight line, nor does it follow a specific 
layer. To minimize EMI one layer is kept as an earth plane 
and all other areas not used for signals or power are 
connected to ground on all layers. An approximation is 
made based on this information, all signals are assumed to 
be the only trace on the same layer and the layers above 
and bellow the signal wires are assumed to consist of pure ground. The assumption will 
result in a worst case scenario in terms of line capacitance but at the same time, it will 
reflect a real scenario with a good accuracy in terms of power consumption. The 
capacitance can, as mentioned in the theoretical background section about capacitance 

calculations, be approximately calculated with the following expression: 
0

0

d
A

C rεε
= . 

Where A is the area of the signal trace and the corresponding area of the ground plane 
right above or underneath it. d0 is the distance to the ground plane. The approximation is 
only valid for structures where the dimensions in the plane are much larger than the 
distance between the capacitive planes. In the case of the PCB board, the width is very 
narrow compared to the thickness of the dielectric which is the distance d0 in the equation. 
The traces are either double in width compared to the thickness, 0.1mm compared to 
0.055 mm. Or the ratio is 0.1 mm to 0.19 mm and 0.1 to 0.2 mm for the inner layers. This 
makes the approximation invalid and a simulation of the PCB trace capacitance had to be 
performed according to the method described in the the

                                                 
4 Person A 
5 Person B 

Figure 20 PCB 
approximation for 
capacitance calculation 
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Theoretical backgroundoretical background section about capacitance calculations.[54] 
The resulting capacitances for each of the layers in the 8 layer PCB can be found in 
Appendix A, where the approximately calculated values are included for comparison. 
 
A via is a small connection between the different layers on a PCB. A via is small and 
may according to Howard Johnson[20], be regarded as a lumped component with a 
capacitance approximated according to 
the following relationship  

[ ]F
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DT
C r
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1 10
41.1 −

−
⋅⋅⋅

=
ε

 

There are two different kinds of via on 
the PCB, one micro via only reaching 
between two layers and one via reaching 
between layers 3-6 where the dielectric is 
thicker. This is shown in Figure 21. The 
resulting capacitances are presented in 
Appendix A. The capacitances for the PCB 
used to approximate these values is shown 
to be four orders of magnitude smaller than 
the line capacitance per cm and the effect 
from these will therefore not be evaluated 
further. 
 
At the output and input of each chip, there is an output and input capacitance stated in the 
datasheet. In the analyzed example, the four chips described in Figure 19 have 
capacitances on the input pins according to Table A:9 in Appendix A 
 
The power consumption from 
the load dissipated in the driver 
can in the case of a capacitive 
load be approximated as 
discussed in the theoretical 
background section about 
power consumption with a 
capacitive load by 
 2VCfW loadclkClock ⋅= , 

2

2
1

VCfW loadclkgAlternatin ⋅= , 

2

4
1 VCfW loadclkrandom ⋅=  

The power dissipated by the 
load depends mainly on voltage 
but also the number of data 

D1=diameter of pad surrounding via 
D2=diameter of hole in ground plane 
T=thickness of PCB 

Figure 21 Illustration of via 
dimensions  

Figure 22 Power consumption for CMOS based 
interfaces at 50 MHz and a 50 pF load. 1 Clock signal 
and various number of data lines. 
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lines used in parallel. Figure 22 shows the power consumption measured in pJ/bit 
depending on voltage and the number of lines used when each line has a 50 Mbps rate 
and a 50 pF load capacitance. 
 
There are, of course, other areas of power dissipation as mentioned in the theory section 
and discussed in the discussion section. All CMOS interfaces have had the power 
consumption approximated. Two loads will be used to be able to compare the interfaces. 
Both loads will be based on the IC capacitances and the simulated trace capacitances. The 
first load is a link much like the one used in the example. The other load is an 
approximation on how a link could be made to minimise the power consumption and 
EMI if an Ultra wideband interface would be implemented in the phone.  
 
The first example is based on the link between device B and the Switch. The interface is 
an interface Z going trough the whole card with signal traces on layers 2,3,6,7. The 
power consumption approximation is therefore done with a 5 cm trace with 1 cm on layer 
two, 1.5 cm on layer three, 1.5 cm on layer six and 1 cm on layer seven connected to the 
previously mentioned integrated circuits. The resulting load capacitance is C1,load = C Switch 

+2CL2/L7+3CL3/L6+CB = 30pF+2cm*2.67pF/cm+3cm*2.36pF/cm+25pF=67.4pF 
 
The second example will be an interface connecting the application processor with a 
future UWB link. The device B will be used as a reference as there are no available data 
for a future UWB chip. A direct via will be used to get access to layer 4 as this will be 
most efficient in terms of power consumption. Layer 1 has a lower capacitance but will 
generate much more EMI, moreover, layer 1 is mainly used to connect components. A 5 
cm trace will be assumed here as well resulting in the following load capacitance: C2,load = 
CA +5CL4+ CSwitch =3.5 pF+5 cm*1.3 pF/cm+10 pF=20 pF 

6.3.1 ULPI 
The 12 signal version has eight data lines, one 60 MHz clock and three control signals. 
The active power dissipation caused by a capacitive load can thus be expressed as:  
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The 8 signal version of ULPI uses double data rate but only four data lines resulting in; 
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The final expression is an identical expression as for ULPI without DDR. 

6.3.2 Secure Digital IO Interface 
Secure Digital IO interface and Secure Digital card interface uses four bidirectional data 
lines, a clock signal and a bidirectional control signal. The clock rate is scaleable between 
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0 and 25 MHz. For this estimation, 25 MHz will be used as the full bit rate of 100 Mbps 
will be needed. The active power dissipation caused by the load can thus be expressed as: 
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The power dissipation when in SPI mode and 1bit SD data transfer mode can be 
expressed as: 

2
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5
VCfWWW loadclkDataClockebitSDIO ⋅=+=  

6.3.3 Serial Peripheral Interface 
SPI uses two unidirectional data lines in different directions, a clock signal, a select 
signal and an interrupt signal. The clock rate is scaleable up to around  66 MHz although 
this is specific for each device. For this estimation, 66 MHz will be used as the full bit 
rate of 66 Mbps will be needed. The active power dissipation caused by the load can thus 
be expressed as:  
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There will also be a power dissipation caused by the other data line. This line is 
independent and will probably have a different load capacitance but a similar line 
capacitance. The active power dissipation caused by the source can be expressed by: 

2
, 4

1
VCfW loadclkscourceSPI ⋅=  

Resulting in the total active power dissipation: 
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2
3

VCfW loadclkSPI ⋅=  

6.3.4 Interface X 
The interface X is scaleable and has three modes. Each will be evaluated in terms of 
power dissipated by the capacitive load. The clock frequency used will be the maximum 
specified and the voltage according to the specification, but other voltages will be 
calculated for comparison. An interface X link consists of one link in each direction. 
Only one will be evaluated and the other is assumed to be in its sleep state. The active 
power dissipation for the different modes caused by a capacitive load C load can be 
expressed as: 
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6.3.5 Organisation Y low power data transfer 
The interface from organisation Y has a low power mode with the power dissipation 
according to the following equation: 

2
_ VCfW loadratebitLPY ⋅=−  

6.3.6 Mobile Pixel Link  
A 50 ohm load is assumed, the power to the load is approximately half the power 
dissipated if transmission line losses are not accounted for. Class 0 has a current 
difference of 0.60 mA (0.75-0.15) resulting in a 30 mV Swing over the 50 ohm load. The 
DC current is 0.45 mA generated from the voltage source. Given a DDR clock and one 
data line with random data, the power dissipated by the load is 
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Class 1 uses 0.66 mA to 3.33 mA resulting in a voltage swing of 130 mV and a DC 
current of 2.67 mA. This results in a power dissipation of: 
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A PLL if used will approximately consume another 5 mW and 5K logic, pre-driver etc. 
will consume an additional amount of power.  

6.4 Power consumption for differential signal interfaces 
Differential signals operating at much higher frequencies require impedance matched 
transmission lines and a terminated source. Because of this, the line will have pure 
resistive impedance. The driver has some output power and depending on the 
transmission length and losses in the transmission line, the quality of the signal meets the 
specification at the receiver. This does not change the power consumed in the driver but 
requires the driver to be able to drive the system it is intended for. The driver will still 
have to drive the input and output chip capacitances. This is why the capacitances used in 
the power calculations are different from the interfaces using regular transmission lines.  

6.4.1 Low-Voltage Differential Signalling 
To approximate the power consumption, a c lock channel and a data channel will be used 
as well as an embedded clock signal only using one link. When using a separate clock 
signal, this is half the bit rate as the LVDS uses double data rate with data transitions on 
both rise and fall of the clock signal. The Toggling of the AC current is therefore with a 
random DDR data transmission equal to: 

2
_

2
_

2
_ 4

3
4
1

2
1

SwingpadratebitSwingpadratebitSwingpadratebitDataClkAC VCFVCFVCFWWW =+=+=  

The DC power is calculated using the common mode voltage over the whole resistance of 
the system and assuming a linear voltage regulator. The DC power is then equal to the 
same amount of current drawn from the power rail added to this is the PLL power, pre-
driver and other logic circuits. 
WDC=VCM/R*VDD+VPLL+VLogic 
The total power is then given by: Wtot = WAC+WDC 
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If the clock is coded into the data, there are usually two PLLs and the Power consumption 
can be described as 

 LogicPLLDD
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SwingpadratebitDCDataembeddedtot VVV
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V
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1 2
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6.4.2 Other LVDS based interfaces 
BLVDS and M-LVDS have a final result similar to LVDS but the pad impedance and DC 
resistance will be much lower as the configuration might to be terminated twice, seen as 
half the impedance by the driver. All devices connected will also increase the total 
capacitance. The power consumption will not be analyzed further. It is, however, 
important to know that the option is there and what the trend in power consumption such 
a solution would result in. 
 
GLVDS has a ground referenced common mode voltage but is apart from this identical to 
LVDS. Standard Mobile Imaging Architecture Part 2, CCP2, using sub-LVDS, and 
LVDS-Lite have an identical power consumption equation as LVDS but with lower 
swing and common mode voltage. 

6.4.3 Scalable Low Voltage Signalling 
The Interface Y from organisation Y is similar to LVDS but has a defined clock signal 
line in the specification and only one equation describes its power consumption. 
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6.5 UWB power supply 
Switched power regulators are problematic as they contain an inductance and will 
therefore emit electromagnetic interference. If less power is needed, a linear regulator 
may be used instead. A linear regulator will need around 0,2 V above the desired voltage 
level to be able to deliver a correct voltage to the system. This means that the gain in 
using a lower voltage level in the different interfaces, especially when a capacitive load 
give rise to the largest part of the power consumption, the voltage needs to be regulated 
and the gained energy with a lower power consumption will not be as large as it seams. 
This loss in the voltage regulator must be taken into consideration. 6 

                                                 
6 Person C 
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7 Bits per Joule analysis 
Two common ways of characterising the efficiency of a communications channel is the 
spectrum efficiency and the Shannon capacity. The spectral efficie ncy, describes how 
well the spectrum is used. This is done by calculating the bits sent per Hertz and second. 
It is useful when comparing different standards in systems where the spectrum is licensed 
or is limited. The Shannon capacity focuses on the theoretical maximum capacity of a 
channel corrupted by noise. 
 
In a mobile system, power is more important, especially in systems using a specific 
technology working in an unlicensed frequency band. Also, when comparing different 
wired interfaces, the power consumption becomes even more important in contrast to the 
spectral efficiency. Therefore, a new dimension, power, is added to describe the 
efficiency of a communication technology. The term bits per Joule will be used for a fair 
comparison as the bit rate varies between the different standards. The important factor is 
not only the time it takes for a transfer to complete but more important the power 
consumed during the transfer. [55][56]  
 
Measurements were performed comparing an ultra wideband technology with existing 
wireless technologies. Bluetooth, 802.11b and MB-OFDM were measured and compared.  
 
When comparing different wired interfaces analytically, the Mobile Pixel Link interface 
from National Semiconductor Corporation was shown to outperform most other 
interfaces but as it has not achieved large support in industry, a measurement was 
performed to show the actual power consumption as well as the internal power 
distribution among different parts of the interface. 
 
The Ultra Wideband modules tested are from Vendor A and Vendor B. These are 
described in more detail in the theory section. The PC software and the firmware from 
Vendor A, is at the time of this report neither stable enough or had all necessary features 
available for a performance test. Power consumption was measured at the USB input 
using a 0.6 ohm resistor in series with the DVK. The results can be found in Table B:19, 
Appendix B. Power measurements could not be performed on the DVK either as the 
vendor did not allow us to modify the boards. However, they provided us with numbers 
on the power consumption for some modes of operation including sleep and standby 
modes, these results are presented in Table B:20, Appendix B. A graph showing the bits 
per Joule performance can be found in Figure B:45, Appendix B 
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7.1 Bluetooth 
To compare the power consumption of 
Bluetooth with other different wireless 
technologies, Bluetooth module demo 
boards are used. The demo boards are 
placed in shielded boxes and linked with 
coaxial wires and an attenuation of 40 
dB to produce a good measurement 
environment. The power consumption is 
measured using a Fluke 189 true-rms 
multimeter with the average function 
turned on. There are three power input 
pins to the module, one for the core, one 
for the RF part and one for the I/O ring. 
The I/O ring and the core power can be 
measured together and this means two 
measurements are performed in each 
case. To measure the current, a 1.2 ohm 
resistor was soldered in serried with the circuit and an indirect current measurement was 
performed measuring the voltage drop over the resistor. The resistors were soldered on 
the back of the PCB and Figure 23 shows how the voltage was measured. 
 
A link was established and data transferred using a computer program called HCI 
toolbox7 and the computer attached to the boards using USB to serial adapters. All 
combinations of packet types, master/slave roles and direction were tested to achieve the 
most power efficient data transfer. As the SCO link is optimised for voice with quality of 
service, the ACL connection optimised for data transfer was used. Frequency hoping was 
turned off during the test but should not alter the results significantly. A data pump 
feature in the program running on the PC was used to maximize the throughput as well as 
giving an exact figure of the data rate of information successfully transferred over the 
link. The transfer can be set up in two different ways. A half duplex unidirectional link 
resulted in the highest throughput in one direction only. The other way is a full duplex 
bidirectional link where the same amount of data is being sent between the two devices in 
both directions. The unidirectional link is referred to as an asymmetrical link and the 
bidirectional referred to as a symmetrical link. The test results can be found in Table 
B:13-15, Appendix B. 

7.2 IEEE 802.11b 
For WLAN measurements, following the standard IEEE 802.11b, a DUT was used 
together with a PC, a wireless access point and software for throughput measurement 
called iPerf8. The measurements were performed with different slave/master 
configurations , TCP and UDP protocols, power save mode active or deactivated and 

                                                 
7 Ericsson core Bluetooth HCL toolbox R6D, Ericsson Technology licensing AB 
8 Iperf, by The Board of Trustees of the University of Illinois   

Figure 23 Current measurement pins at the 
voltage regulators. The bottom side has 1.2 
ohm resistors attached between the pins 
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WEP-64 encryption turned on or off.  The power supply is divided into different parts of 
the module as in the case for 
Bluetooth. The different 
regulators are the RF power 
and a combined regulator for 
the I/O ring and the core 
voltage. The RF voltage is 2 V 
and the core/IO voltage is 1.8 
V. To be able to measure the 
currents, a 0-ohm resistor had 
to be unsoldered on the phone 
PCB and replaced by a 1 ohm 
resistor. To keep the original 
stability and to be able to 
deliver the peak currents to the 
circuit, the decoupling 
capacitors were replaced with 
one ten times larger than the 
previous one. This created 
some problem as the larger 
capacitors did not fit on the small PCB pads. Workaround solutio ns were made where 
one capacitor was connected to a shield box pad and near the other voltage regulator, two 
capacitors were used stacked on top of each other resulting in a slightly lower value but 
well within limits. 
 
As the 2.4 GHz ISM band is well used, the tests were carried out in a shielded box and on 
the channel with the least traffic. Different access points were used during the test, this 
was due to problems resulting in none or very low throughput with some combinations of 
access point and settings used. To be able to fairly compare the different wireless 
standards, different access points were used to work around this problem. The 
measurement results can be found in Table B16, Appendix B  

7.3 Mobile Pixel Link measurements 
To be able to measure the power consumption on MPL, a LM2502 Mobile Pixel Link 
display interface serializer and deserializer is used. LM2502 is a Class 0 interface with 
two serial lines running at 20 to 100 MHz resulting in an 80 to 400 Mbps link. According 
to the data sheet, the power consumption should be 46.5 mW when running on 80 MHz 
and a worst case data toggle.[57] 
 

Figure 24 PCB photo on a 0201 sized 1 ohm resistor that 
was soldered in and the wires attached to it for WLAN 
measurements. 
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Measurements were performed using only static data, this was due to two reasons. The 
setup would have been complicated requiring a logical analyzer and keeping the data 
static minimizes the effect from the parallel output logic from the chip. The power supply 
is divided into three pins on the chip, VDDcore, VddA and VddIO. They power different 
parts of the chip according to Table 4 
 
Table 4 Describes the power distribution from the regulators in the MPL LM2502 chip 
Master VddA The PLL and a small amount to the MPL line 

drivers 
Master VDDcore The digital core, mainly the P2S block 
Master VddIO The LVCMOS IO ring 
Slave VddA The MPL line current and MPL RXs 
Slave VDDcore The digital core, mainly the S2P block 
Slave VddIO The LVCMOS IO ring 
 
The current was measured by indirect current measurement using 1.2 ohm resistors in 
series with the circuit. A Fluke 189 true-rms multimeter was used with the average 
function turned on. To determine if the interface was functioning properly, an 
oscilloscope was used to detect the correct clock signal on the receiver. This is the 
procedure recommended by National Semiconductor. A screenshot of the clock signals 
can be found in Figure B:41 in Appendix B.  
 

Figure 25 MPL Demo kit and 1.2 ohm resistors on the back of the 
PCB near the voltage regulators 



41 

 
The oscilloscope used was an Agilent Infiniium 54855A DSO. The interface boards were 
connected with a short flex in the test set up. A reference clock at 10 MHz was used as 
the input signal. The measurements were performed using an 80 MHz clock, generated 
from the 10 MHz by a Phase Locked Loop (PLL). 80MHz was chosen so that is could be 
compared with the data sheet and also following the recommendation from the 
manufacturer. Measurements were performed using data as all ones, all zeroes and mixed 
equally. The MPL interface uses a low current to signal a logical one and the zeroes 
should therefore result in larger power consumption in the slave device. This behaviour 
could not be verified in the measurements. The results from the measurement are shown 
in Table B:17 and Table B:18 in Appendix B. 
 
The total power consumption did not depend largely on the data sent, but did increase 
significantly if a load was attached to the outputs of the chip. The total power 
consumption averaged over all measurements is 44.8 mW or 14.9 mA, which is close to 
the by the data sheet given value 24.5 mA.This means that the interface when connected 
to a 3 V source can deliver 7.14 Gbit/Joule and consumes 140 pJ/bit. The interface did 
not have any load connected when the measurement was done and this is probably the 
reason for the low measured value compared to the data sheet. 
The power was distributed between the different parts of the interface as illustrated in 
Figure 26.  

MPL Power consumption distribution

Master LVCMOS IO ring

Master P2S block and
other digital

Master PLL and MPL
line drivers

Slave LVCMOS IO ring 

Slave S2P block and
other digital

Slave MPL line current
and MPL RXs

Figure 26 Illustration on how the power is distributed in the MPL 
interface. 
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7.4 LVDS measurements 
To measure the LVDS interface, a Bus LVDS serializer/desirializer demo kit, BLVDS03, 
was used for evaluation. The kit contains a FPGA that sends data to the serializer and 
over the LVDS interface 
through a CAT5 cable to 
the receiver, a deserializer 
before the data is compared 
with the sent data in the 
FPGA again. This is a good 
design for evaluation and 
testing of the interface itself 
but not in terms of power 
consumption as the PCB 
does not contain any 0 ohm 
resistors or other ways to 
perform a reliable power 
measurement. The whole 
circuit consumes 260 mA 
from the 5 V source but this 
includes the FPGA, 3.3 V 
voltage regulator, LEDs, 
etc. Moreover, a BLVDS 
usually consumes more power than regular LVDS. Even more important is that the lite 
versions of LVDS, are more suitable and more interesting for mobile applications. It is 
however important to notice the robustness and stability of this interface. 

Figure 27 BLVDS Demo kit sending data over a 
CAT5 cable. 
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8 UWB Performance analysis 

8.1 Rate versus range analysis 
With the development kit from Vendor B, rates were measured for different PHY rates 
and at different ranges. The configuration used was an Ethernet cable replacement. The 
measurement was carried out with two PCs and software for throughput measurement 
called iPerf9. The measurements were performed with the TCP protocol using standard 
1500 byte Ethernet frames. The UDP protocol could not be tested due to limitations in the 
software. Each PHY mode was set in the UWB software and one of the UWB devices 
was placed at different ranges from the other and the bit rate was noted for the specific 
PHY rate and distance. The measurements were performed in an office environment and 
possible environmental factors may have affected the results. When these measurements 
were performed, an Ethernet connection at 100 Mbps was used and a TX/RX 50% 
division stated as standard by Vendor B. The measurements were carried out in line of 
sight. Diagrams showing the results can be found in Figure B:42 and Figure B:43 in 
Appendix B. 
 

 
Figure 28 The floor plan where the UWB rate versus range analysis was performed 

8.2 Throughput measurement 
In order to measure the actual throughput, without the limitation from the 100 Mbps 
Ethernet interface, an internal packet generator was used. The internal packet generator 
was set to generate standard 1500 byte Ethernet frames. The generated frames were then 
sent over the UWB link and the throughput was measured. The receiving device reported 
the number of correctly received frames but not the throughput. By sending packets over 
a certain time period, the number of bits transferred could be obtained and the bits per 
second calculated. The maximum throughput was achieved using 680 Mbps PHY rate 
with no acknowledgement. The maximum data throughput was 270 Mbps. A diagram 
showing the results at different PHY rates and using different acknowledgement schemes 
can be found in Appendix B, Figure B:44. 

                                                 
9 Iperf, by The Board of Trustees of the University of Illinois   
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9 Summary and Discussions 

9.1 Hardware requirements 
The hardware is evaluated in terms of power consumption, including an evaluation the 
UWB device, voltage generation, PCB properties and different possible high-speed 
interfaces. An evaluation of the data sink, such as RAM and  flash memory etc. will not 
be included. The same applies to the higher data layers and the application CPU as these 
will probably be the same for other high-speed wireless standards such as Bluetooth and 
WLAN. However, this can differ if the final result shows difference in power 
consumption between different links, it needs to be investigated further. 

9.2 Power consumption of high-speed interfaces  
The static power consumption of a CMOS transistor is in theory zero, but due to leakage, 
there is a small current through the transistor. The leakage current is in the order of a few 
nA and was neglected in the report due to its minimal influence on the result. 
As the overlapping bias current is completely implementation specific and not related to 
any interface standard, this was therefore omitted in the report. 
 
Some parts of the interface such as the pre-driver and the biasing networks could 
substantially affect the resulting power consumption. However, these are completely 
process and design dependent and there is no correlation between different standards and 
the power consumed in these parts of the interface apart from the number of parallel lines 
used. This must be taken into account since a standard with many data lines compared to 
one with few ones, might add up to more power than predicted. The power consumed by 
the logic and PLL is approximated to 10 mW for all differential and single ended 
interfaces using a serializer and deserializer. This makes comparison between these 
interfaces fair and at the same time puts the interfaces on a comparable level to other 
interfaces compared with. 10 mW is what has been agreed up on within the organisation 
Y as a good approximated value and the intention is to follow this recommendation in 
this report. The PLL is not included in the specifications but will still be needed in many 
of the interfaces. 5 mW is a good approximation on the power consumption for the PLL 
according to the organisation Y. However, power consumption during the sleep, on-state 
start-up and shutdown time is not included in this approximation nor are any other state 
transitions regarding power management in the interface 
 
Single ended signals have problems when the frequency increases. Crosstalk, interference 
and the increased power consumption to maintain the rise and fall times of the signal 
mean the single ended signalling is limited below 100 Mbit. A way to achieve higher bit 
rates, single ended signals can be used in parallel to create a link fast enough.  
 
ULPI is a parallel single ended interface with a transfer rate of 480 Mbps and intended 
for use in a USB 2.0 transceiver system. It looks like a good solution for UWB as well, or 
at least W-USB. There are some extra registers that could be used for implementation 
specific use, possibly UWB usage, but it is unsure how compliant ULPI will be with W-
USB and other higher layers building on the UWB radio platform. ULPI is designed to be 
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a link between the USB 2.0 digital control logic and the USB 2.0 PHY.[58] If a similar 
implementation would be done with W-USB, for example, the link would probably be 
located between the wired USB logic interface and the wired USB PHY. Communicating 
directly to the USB logic using the ULPI interface is possible but at the moment the ULPI 
interface is not accessible. Vendor A has not had ULPI in mind as an interface used by 
customers but says it could be worth looking into. But 
as the interface requires 12 lines or 8 for a DDR 
implementation and consumes 100 mW in the 
development kit, Vendor A does still not recommend 
it for portable devices.10 The high power consumption 
is highly due to the voltage level of 3.3 V in the 
Vendor A module. There are some general cost and 
space limitations related to the ULPI interface as well: 
chip space, package space, cost of additional pins and 
PCB space with 8 or 12 parallel lines. The high clock 
rate is likely to affect other parts in the circuit. 
Ground paths as well as ground lines to avoid 
crosstalk might be necessary, taking up even more 
PCB space. An actual throughput using UWB will not 
reach rear 480 Mbps. As the clock is according to the 
specification 60 MHz, the power consumption per bit 
would be a lot higher when the whole bandwidth is 
not used as in this case.  
 
The SPI and SDIO one bit mode interfaces, uses a 
data signal and a clock signal. The clock signal 
consumes four times more power than the data signal. This means that the joule per bit is 
much lower for an interface using more data signals and the power used by the clock is 
then distributed over more bits resulting in a more effective data transfer. 
 
Interfaces using four data lines are a compromise between the full width interfaces and 
the serial interfaces. The SDIO interface is bidirectional over four data signals, 
distributing the power consumed by the clock over all four data signals. The interface X, 
however, is unidirectional and requires four data signals in each direction resulting in a 
larger signal lane count compared width the ULPI interface but without higher bit rate or 
the lower signal count as in the case of SDIO.  
 
Mobile Pixel link from National Semiconductors seems to be the best choice in terms of 
all aspects discussed except for the support among suppliers and other users. The low 
current used might be susceptible to noise despite the information from National 
Semiconductors regarding the robustness of the interface as well the tests performed on 
the development kit. It is also uncertain how much effort it takes to implement this 
interface in an ASIC. It is therefore not likely that MPL will in reality be a good choice. 
The tests performed on the MPL development kit showed that MPL has very low power 

                                                 
10 Vendor A 

Figure 29 Vendor A UWB module 
illustration with interfaces 
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consumption and is a robust interface. The power consumption is lower than the specified 
since the data signals were not loaded. 
 
Differential Signalling interfaces are the most popular signalling method for high-speed 
interfaces in the non portable industry. It is expected to move into mobile phones sooner 
or later supported by both the Standard Mobile Imaging Architecture (SMIA) Forum and 
the organisation Y alliance. They are two organisations aiming specifically towards high-
speed interfaces for mobile platforms. The benefits with low EMI and common mode 
noise immunity together  with low power consumption cannot be outperformed by 
ordinary single ended logic level signalling interface at high frequencies. The only 
drawback is the requirements on the signal path. It has to be balanced and as explained in 
the theory section, the lines must be symmetrical to avoid skew and single mode noise. 
This means that the integrity of the signal path must be verified, which could be time 
consuming. The differences between the different differential interfaces are not very big 
and what will be the most important choice in the end is the support from vendors and the 
rest of the industry. The difference in terms power consumption is small, especially 
where the target application is similar. In theory, ground-referenced or low common 
voltage LVDS with low swing is to prefer in comparison to standard LVDS. Scalable low 
voltage signalling is an even better choice consuming in theory half the power compared 
to LVDS with the same voltage swing. However, the largest difference in terms of 
differential standards is availability and implementation specific issues such as 
complexity and power consumed by the lo gic and PLL.   

9.2.1 Approximation of power consumption for ULPI and SDIO 
Assuming data traffic at 100 Mbps, this approximation shows how ULPI compares to 
SDIO in terms of power consumption using the equations from the section about 
Hardware requirements for UWB. 
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An MPL interface integrated on both sides would according to National semiconductors 
use around 10 mW not depending significantly on the data rate sent. 
A diagram showing the power consumption of ULPI and SDIO can be found in Appendix 
A, Figure A:37. 

9.3 EMC 
On a small PCB with many traces, radiation and clock signals, EMC become very 
important. As the aim is to limit power in all devices in a mobile device, voltage levels 
are low, leading to a susceptibility to noise. If one wants to use a layer with low 
capacitance, it is usually on a large distance to ground planes and will therefore result in a 
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larger antenna loop area, resulting in emitted radiation. It can be noticed that there is a 
trade-off between low capacitance and emitted radiation. 

9.4 Bits per Joule and performance analysis 
When simulating the PCB trace capacitance, the voltage drop over the transmission line 
appears to be neglectable. The voltage drop was analyzed but was proven to be 
neglectable as the resistance of the line was small compared to the thevenin network 
equivalent resistance.   
 
Power consumption measurements for the different standards compared had some 
differences, possib ly affecting the result. Bluetooth was measured as a module on a 
development kit and not in the actual phone. This is, however, not considered to be a 
significant source of error as the module is implemented in the phone in a similar way. 
The 802.11b chip was measured in an actual phone and should be accurate. However, the 
phone was connected to access points from different vendors and vendor specific 
differences were noticed. The UWB power consumption could not be measured related to 
the actual power consumed as it was technically impossible in one device and it was not 
supported by the other. 
 
As the MBOA-SIG development kits did not provide a method to measure the power 
consumption accurately, the following methods were used to get a rough estimation. First, 
an approximation was done based on the information given by the interest group. It is 
believed that the power consumption will be around 130-160 mW initially and gradually 
go down even further.[15] Vendor B provided the results from their measurements of the 
power consumption. These are used when calculating the bits per Joule performance of 
the UWB solution. The development kit from Vendor A was measured using a modified 
USB cable that is used to power the device. This means that this figure includes 
interfaces, SDIO reader and other circuits. The board is powered by 5 V, but it is more 
realistic and comparable to use the chip supply voltage of 3.3 V and it is therefore 
assumed that the remaining voltage is dissipated in a linear voltage regulator. 
 
When range vs. rates was measured, Ethernet frames were sent over the link and the 
throughput was limited by the 100 Mbps interface. It is also important to note that the 
TX/RX division was set to 50% and that environmental factors may have affected the 
results. However, the ranges will give a good value on the range performance in a 
realistic environment. For throughput figures, the measurement performed using full 
TX/RX division and using the internal packet generator will provide this information. 
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10 Results 
An approximation on how the interface for UWB will look like on PCB level and what 
characteristics it will have was performed. By using this information, the power 
consumption specific for different interfaces were calculated. The power consumption is 
proportional to the square of the supply voltage and proportional to the frequency and 
load capacitance. This makes the PCB design and the input and output capacitances of 
the IC pads critical as they contribute to the load capacitance. The IC design will also 
play a large role in terms of power consumed by logic, PLLs, ser/deserialisers and pre-
drivers. The gain in a reduced voltage level, however, makes the link less robust. Lower 
voltage levels also need linear power regulators consuming power as well. Small 
capacitance on the PCB usually results in large current loops, resulting in electromagnetic 
interference. 
 
The only supported interfaces at the moment in prototypes and in supplier’s roadmaps11 
12 are the SDIO, PCI-Express and USB 2.0 interfaces and in one case also the SPI and 
MMC interfaces13. As discussed in the discussion section, SDIO is the most suitable 
single ended interface if the full bandwidth of UWB is not required. In the first 
generation, the loss is not dramatic as the throughput using acknowledgement is around 
150 Mbps. The interface needs no additional hardware on the application processor apart 
from small changes due to a possible upgrade from the SDIO card interface to the full 
SDIO interface. 
 
When the UWB technology matures, an interface will adopted by the market. The 
interface Y will be the best choice for UWB makes the full bandwidth available. With a 
large interest as a potential high-speed interconnect for UWB and many other devices, the 
interface provides scalability, is power optimized and delivers the required throughput. 
The interface is also following the progress in packet based communication as it the 
information sent is packet based and routable. 
 
 

                                                 
11 Vendor A 
12 Vendor B 
13 Vendor C 
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Figure 30 Power consumption in terms of bits per joule for different interfaces. 
 
The wireless UWB standard MB-OFDM has been compared with present interfaces in 
terms of power efficiency where Bluetooth and IEEE 802.11b were used. 
The results from the Bluetooth and IEEE 802.11b measurements can be compared with 
the UWB solution from Vendor B, A predicted case by the MBOA-SIG and the result 
achieved from the measured power consumed by the DVK fromVendor A. (see Figure 
31). In all UWB cases, the measured throughput at 270 Mbps was used. The result shows 
that UWB uses significantly less energy per transferred bit, even in today’s first 
generation devices. This shows that a UWB radio is more efficient in terms of bits per 
Joule than both Bluetooth and Wireless LAN, 802.11b. 
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11 Conclusions 
The final suggestion for a high- speed interface for ultra wideband is: 

• Presently the SDIO interface, requiring no or little new hardware and providing 
sufficient bandwidth at low power consumption. 

• Interface Y will be the best choice for the next generation. 
 
In terms of bits per Joule efficiency and throughput, UWB was shown to out perform 
both Bluetooth and 802.11b. Both presently used in mobile phones and it is therefore 
recommended to continue the work of possibly integrating UWB into mobile phones in 
the future. 

12 Future work 
Because of the limitations with the first generation UWB devices used in this report, a 
further study on the power consumption should be performed. The study needs to include 
measurements performed using the same procedures as the tests performed on Bluetooth 
and 802.11b for a more accurate comparison and correct values when designing a suitable 
power source. 
 
In a mobile device, power save modes are important as the UWB module will be 
switched off most of the time. A future study on the power consumption during these 
modes and the transitions between the modes would be useful and should be compared 
with similar situations for 802.11b and Bluetooth. With a such study, whole use cased 
could be studied and the most efficient wireless medium could determined 
 
The problem around obtaining accurate measurement results for high-speed interfaces 
and the absence of research in this area makes the field hard to study on an experimental 
basis. A study could be performed if the interfaces were implemented in the same way 
and measured in the same way. This, however, would require large resources both in time 
and economically. 
 
Power save modes is also interesting to study in the case with high-speed interfaces. The 
possibility of using buffered transfers over the interface and using sleep sessions could be 
a possible solution to minimise the power consumption. 
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Appendix A 

 
Figure A:32 PCB trace capacitance simulation setup 

 
FigureA:33 Simulation result from PCB trace capacitance simulation 
 
Table A:5 PCB trace capacitance calculations 
Layers 63% Rise time (t) t/R, R=300 
L1 and L8 16.94 ps-16-65 ps=0.29 ps 0.29*10-9 s / 300O = 0.97 pF 
L2 and L7 17.45 ps-16-65 ps=0.80 ps 0.80*10-9 s / 300O = 2.67 pF 
L3 and L6 17.36 ps-16-65 ps=0.71 ps 0.71*10-9 s / 300O = 2.36 pF 
L4 and L5 17.04 ps-16-65 ps=0.39 ps 0.39*10-9 s / 300O = 1.30 pF 
Cref (3 pF) 17.56 ps-16.65 ps=0.91 ps 0.91*10-9 s / 300O = 3.03 pF 
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Table A:6 PCB product specification and capacitances 

Layer 

Conductor/ 
Dielectric 
thickness 

Relative 
dielectric 
constant  

Simulated Capacitance 
[pF/cm] 

Capacitance between these 
layers, poor approximations 
[pF/cm] 

L1 0.028 mm  1.0 0.53 
L1-L2 0.055 mm 3.3  0.53 
L2 0.028 mm  2.7 1.06 
L2-L3 0.055 mm 3.3  0.53 
L3 0.028 mm  2.4 0.75 
L3-L4 0.190 mm 4.7  0.22 
L4 0.017 mm  1.3 0.43 
L4-L5 0.200 mm 4.7  0.21 
L5 0.017 mm  1.3 0.43 
L5-L6 0.190 mm 4.7  0.22 
L6 0.028 mm  2.4 0.75 
L6-L7 0.055 mm 3.3  0.53 
L7 0.028 mm  2.7 1.06 
L7-L8 0.055 mm 3.3  0.53 
L8 0.028 mm  1.0 0.53 
CRef    3.03pF True Value 3 pF 
 
Table A:7 PCB via dimensions and capacitances 
Layers Hole Pad Clearence hole Capacitance 
L1-L2 0.1 mm 0.275 mm 0.475 mm 3.5*10-16 F 
L2-L3 0.1 mm 0.275 mm 0.475 mm 3.5*10-16 F 
L3-L6 0.2 mm 0.5 mm 0.7 mm See Table A:8 
L6-L7 0.1 mm 0.275 mm 0.475 mm 3.5*10-16 F 
L7-L8 0.1 mm 0.275 mm 0.475 mm 3.5*10-16 F 
 
Table A:8 Capacitances for via in layers 3 to 6 
Layers Via length (electrical length)  Capacitance 
L3-L4 0.190 mm 3.1*10-15  F 
L3-L5 0.390 mm 6.5*10-15  F 
L3-L6 0.580 mm 9.6*10-15  F 
L4-L5 0.200 mm 3.3*10-15  F 
L4-L6 0.390 mm 6.5*10-15  F 
L5-L6 0.190 mm 3.1*10-15  F 
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Table A:9 Capacitances for a selection of integrated circuits 
IC-circuit / 
element 

Description Input Capacitance Output Capacitance Ref. 

bspts3chp cell Suzi I/O cell 3.5 pF 3.5 pF [60] 

14 

OTI-2153 USB 2.0 to 
SD/MMC Bridge 
Controller 

10 pF 30 pF [61]  

SDINB1 SanDisk iNAND 
Module 

10 pF ~10 pF [62] 

MAX 4906EBX High-Bandwidth, 
Quad DPDT 
Switches 

25 pF ~25 pF  

 
Table A:10 Driver power dissipation for CMOS interfaces with load capacitance 67.4 pF 
Load capacitance (pF)  67,4 
Voltage (V)  3.3 2.8 1.8 
Interface Mbps mW pJ/bit mW pJ/bit mW pJ/bit 
UPLI 480 132 275 79 165 33 68 
Secure Digital IO 100 37 367 20 198 8 82 
Secure Digital IO 1 bit 25 23 917 10 396 4 164 
SPI 66 61 917 26 396 11 164 
interface X Quad mode 208 76 367 41 198 17 82 
interface X Dual mode 104 57 550 27 264 11 109 
interface X Serial mode 52 48 917 21 396 9 164 
Interface Y LP mode (1.2V) 10 7 734 4 396 2,2 218 
MPL class0 160 15,0 93,82 15,0 94 15,0 94 
MPL class1 800 15,0 18,80 15,0 19 15,0 19 
 
Table A:11 Driver power dissipation for CMOS interfaces with load capacitance 20 pF 
Load capacitance (pF)  20 
Voltage (V)  3.3 2.8 1.8 1.2 
Interface Mbps mW pJ/bit mW pJ/bit mW pJ/bit mW pJ/bit 
UPLI 480 33 68 24 49 10 20 4 9 
Secure Digital IO 100 8 82 6 59 2 24 1 11 
Secure Digital IO 1 bit 25 4 163 3 118 1 49 1 22 
SPI 66 11 163 8 118 3 49 1 22 
interface X Quad mode 208 17 82 12 59 5 24 2 11 
interface X Dual mode 104 11 109 8 78 3 32 1 14 
interface X Serial mode 52 8 163 6 118 3 49 1 22 
Interface Y LP mode 
(1.2V) 10 2,2 218 1.6 157 0,6 65 0,3 29 
MPL class0* 160 15,0 94 15,0 94 15,0 94 15,0 94 
MPL class1* 800 15,0 19 15,0 19 15,0 19 15,0 19 
*Estimated 5 mW PLL, 10 mW Logic as well as bit rate dependent line  

                                                 
14 Person D 
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Table A:12 Differential mode power consumption estimation based on 5 mW PLL and 10 mW Logic. 
Load 
capacitance    

 
    

55 
pF  

13,5 
pF  

Interface PLL Other* 
Swing 
(mW) 

Common Mode 
V (mV) 

R 
 

DC 
 

DDR 
 

Mb-
ps 

mW 
 

pJ/ 
bit  

mW 
 

pJ/
bit 

Interface Y/ 
SLVS 5 10 200  200 200  1.2 Yes 500 17.2 34 15.5 31 
LVDS 
EIA-644 5 10 300  1200 200  3.3 Yes 500 20.0 40 16.3 33 
LVDS 
IEEE 
1596.3 5 10 250  1200 200  3.3 Yes 500 18.5 37 15.9 32 
LVDS 
Embedded 5 10 250  1200 200  3.3 Yes 500 

16,7
58 34 

15.8
83 32 

SMIA 
CCP2 5 10 150  900 200  1.8 Yes 416 16.0 39 15.3 37 
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Figure A:34 Estimated power consumption on 20 pF capacitance and 3.3 V power supply with 
clock rate following data rate 
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Figure A:35 Differential interfaces line power consumption estimation excluding logic, PLL etc. 
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ULPI vs. SDIO for low rates and fixed clock frequency
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Figure A:37 ULPI vs. SDIO, 20 pF load, using fixed clock rates according to specification. 
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Figure A:36 Estimated power consumption in bits per Joule. Approximated capacitance at 20 
pF. Clock according to specification and maximum available data rate. 
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Appendix B 
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Figure B:38 Bluetooth asymmetric ACL data pump 

 
Figure B:39 Bluetooth symmetric ACL data pump 
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Table B:13 DH packet type asymmetric data pump test results 
      VRF= 2.86  Vlog= 1.78    Data pump 

kbps R VRF mV I mA WVlogic mV I mA W Tot W Tot nJ/bit

DH1 1=Master 2=Slave 1=DUT                 
1->2 Max 166 1.23 29.7 24.1 0.069 14.6 11.9 0.021 0.090 543.4

  Min 166 1.23 25.4 20.6 0.059 13.9 11.3 0.020 0.079 476.2

  Avg 166 1.23 25.8 21.0 0.060 14.4 11.7 0.021 0.081 487.1
2->1 Max 165 1.23 31.9 26.0 0.074 15.1 12.3 0.022 0.096 582.5

  Min 165 1.23 26.3 21.4 0.061 12.8 10.4 0.019 0.080 482.6

  Avg 165 1.23 27.9 22.7 0.065 14.9 12.1 0.022 0.086 523.1

  1=Slave 1=Master 1=DUT           

1->2 Max 165 1.23 29.1 23.6 0.068 14.8 12.0 0.021 0.089 538.8

  Min 165 1.23 18.4 15.0 0.043 13.9 11.3 0.020 0.063 381.4
  Avg 165 1.23 25.4 20.7 0.059 14.6 11.9 0.021 0.080 486.1

2->1 Max 165 1.23 31.4 25.5 0.073 15.8 12.8 0.023 0.096 580.3

  Min 165 1.23 19.8 16.1 0.046 14.6 11.9 0.021 0.067 407.6

  Avg 165 1.23 27.6 22.4 0.064 15.6 12.7 0.023 0.087 526.1

DH3 1=Master 2=Slave 1=DUT                 
1->2 Max 561 1.23 38.0 30.9 0.088 18.3 14.8 0.026 0.115 204.4

  Min 561 1.23 31.1 25.3 0.072 16.3 13.2 0.024 0.096 170.8

  Avg 561 1.23 31.8 25.9 0.074 17.9 14.5 0.026 0.100 177.9

2->1 Max 552 1.23 42.2 34.3 0.098 17.6 14.3 0.025 0.124 223.9

  Min 552 1.23 24.0 19.5 0.056 15.1 12.3 0.022 0.078 140.5

  Avg 552 1.23 37.8 30.7 0.088 17.2 14.0 0.025 0.113 204.1
  1=Slave 1=Master 1=DUT           

1->2 Max 554 1.23 34.5 28.1 0.080 18.5 15.0 0.027 0.107 193.0

  Min 554 1.23 15.6 12.7 0.036 13.7 11.1 0.020 0.056 101.4
  Avg 554 1.23 31.0 25.2 0.072 18.0 14.7 0.026 0.098 177.3

2->1 Max 560 1.23 39.2 31.9 0.091 17.7 14.4 0.026 0.117 208.5

  Min 560 1.23 26.5 21.6 0.062 15.8 12.8 0.023 0.085 151.0

  Avg 560 1.23 38.0 30.9 0.088 17.5 14.2 0.025 0.114 202.9

DH5 1=Master 2=Slave 1=DUT                 

1->2 Max 654 1.23 37.5 30.5 0.087 18.4 15.0 0.027 0.114 174.1

  Min 654 1.23 27.2 22.1 0.063 15.7 12.8 0.023 0.086 131.6

  Avg 654 1.23 33.0 26.8 0.077 17.7 14.4 0.026 0.102 156.4

2->1 Max 661 1.23 43.6 35.4 0.101 17.2 14.0 0.025 0.126 190.9

  Min 661 1.23 32.3 26.2 0.075 15.5 12.6 0.022 0.097 147.4

  Avg 661 1.23 41.3 33.6 0.096 16.9 13.8 0.024 0.121 182.3
  1=Slave 1=Master 1=DUT          

1->2 Max 670 1.23 39.2 31.8 0.091 18.1 14.7 0.026 0.117 174.9

  Min 670 1.23 33.1 26.9 0.077 15.3 12.4 0.022 0.099 147.8

  Avg 670 1.23 33.7 27.4 0.078 17.5 14.3 0.025 0.104 154.9

2->1 Max 650 1.23 42.2 34.3 0.098 17.0 13.8 0.025 0.123 188.8

  Min 650 1.23 18.0 14.7 0.042 13.3 10.8 0.019 0.061 94.2

  Avg 650 1.23 40.9 33.2 0.095 16.6 13.5 0.024 0.119 183.0
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Table B:14 DM packet type asymmetric data pump test results 
      VRF= 2.86  Vlog= 1.78    Data pump 

kbps R VRF mV I mA WVlogic mV I mA W Tot W Tot nJ/bit 

DM1 1=Master 2=Slave 1=DUT                 
1->2 Max 105 1.23 30.1 24.5 0.070 14.2 11.6 0.021 0.091 862.8 

  Min 105 1.23 25.3 20.6 0.059 13.7 11.1 0.020 0.079 749.9 

  Avg 105 1.23 25.8 21.0 0.060 14.0 11.4 0.020 0.080 764.8 
2->1 Max 165 1.23 32.1 26.1 0.075 14.9 12.1 0.022 0.096 582.4 

  Min 165 1.23 24.6 20.0 0.057 14.1 11.5 0.020 0.078 470.0 

  Avg 165 1.23 28.3 23.0 0.066 14.7 12.0 0.021 0.087 527.3 

  1=Slave 1=Master 1=DUT           

1->2 Max 165 1.23 29.6 24.0 0.069 14.2 11.5 0.021 0.089 541.2 

  Min 165 1.23 25.0 20.3 0.058 13.7 11.1 0.020 0.078 471.8 
  Avg 165 1.23 25.6 20.8 0.060 14.1 11.4 0.020 0.080 484.5 

2->1 Max 165 1.23 31.7 25.8 0.074 15.1 12.3 0.022 0.096 579.5 

  Min 165 1.23 27.3 22.2 0.064 14.3 11.7 0.021 0.084 510.6 

  Avg 165 1.23 28.3 23.0 0.066 15.0 12.2 0.022 0.087 530.0 

DM3 1=Master 2=Slave 1=DUT                 
1->2 Max 370 1.23 35.1 28.5 0.081 16.5 13.4 0.024 0.105 284.7 

  Min 370 1.23 31.3 25.5 0.073 15.4 12.5 0.022 0.095 257.2 

  Avg 370 1.23 31.9 25.9 0.074 16.1 13.1 0.023 0.097 263.3 

2->1 Max 368 1.23 40.9 33.3 0.095 16.7 13.6 0.024 0.119 324.2 

  Min 368 1.23 29.5 24.0 0.069 15.1 12.3 0.022 0.090 245.6 

  Avg 368 1.23 38.5 31.3 0.090 16.4 13.3 0.024 0.113 307.8 
  1=Slave 1=Master 1=DUT           

1->2 Max 369 1.23 34.4 28.0 0.080 16.6 13.5 0.024 0.104 281.6 

  Min 369 1.23 26.2 21.3 0.061 15.2 12.4 0.022 0.083 224.9 
  Avg 369 1.23 31.3 25.4 0.073 16.3 13.2 0.024 0.096 260.8 

2->1 Max 369 1.23 39.4 32.0 0.092 17.0 13.8 0.025 0.116 314.7 

  Min 369 1.23 32.5 26.4 0.075 15.6 12.7 0.023 0.098 265.6 

  Avg 369 1.23 38.3 31.1 0.089 16.8 13.7 0.024 0.113 307.2 

DM5 1=Master 2=Slave 1=DUT                 

1->2 Max 455 1.23 35.9 29.2 0.083 17.2 14.0 0.025 0.108 238.1 

  Min 455 1.23 33.4 27.2 0.078 15.9 13.0 0.023 0.101 221.5 

  Avg 455 1.23 33.8 27.5 0.079 16.9 13.7 0.024 0.103 226.5 

2->1 Max 446 1.23 43.5 35.4 0.101 16.6 13.5 0.024 0.125 280.4 

  Min 446 1.23 31.5 25.6 0.073 15.0 12.2 0.022 0.095 212.8 

  Avg 446 1.23 41.2 33.5 0.096 16.2 13.2 0.023 0.119 267.4 
  1=Slave 1=Master 1=DUT           

1->2 Max 450 1.23 42.6 34.6 0.099 16.6 13.5 0.024 0.123 273.4 

  Min 450 1.23 30.4 24.7 0.071 14.7 11.9 0.021 0.092 204.2 

  Avg 450 1.23 41.2 33.5 0.096 16.2 13.2 0.023 0.119 264.8 

2->1 Max 451 1.23 43.6 35.4 0.101 16.6 13.5 0.024 0.125 277.7 

  Min 451 1.23 32.1 26.1 0.075 14.8 12.0 0.021 0.096 212.9 

  Avg 451 1.23 41.2 33.5 0.096 16.2 13.2 0.023 0.119 264.5 
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Table B:15 DH and DM packet type symmetric data pump test results 
      VRF= 2.86   Vlog= 1.78     Data pump 

kbps R VRF mV I mA W Vlogic mV I mA W Tot W Tot nJ/bit 

Symetric data pump                 

DH1 Max 166 1.23 37.7 30.6 0.088 16.4 13.3 0.024 0.111 670.7 

1=Master Min 166 1.23 33.3 27.0 0.077 14.8 12.0 0.021 0.099 594.8 
  Avg 166 1.23 34.3 27.9 0.080 16.1 13.1 0.023 0.103 620.6 

  Max 165 1.23 37.0 30.1 0.086 17.0 13.8 0.025 0.111 670.4 

1=Slave Min 165 1.23 24.2 19.7 0.056 15.3 12.4 0.022 0.078 475.7 

  Avg 165 1.23 34.2 27.8 0.080 16.8 13.6 0.024 0.104 629.3 

DH3 Max 372 1.23 42.1 34.2 0.098 19.0 15.5 0.028 0.125 337.2 
1=Master Min 372 1.23 35.9 29.2 0.084 16.5 13.4 0.024 0.107 288.8 

  Avg 372 1.23 40.4 32.8 0.094 18.6 15.1 0.027 0.121 324.7 

  Max 372 1.23 41.2 33.5 0.096 19.2 15.6 0.028 0.124 332.3 

1=Slave Min 372 1.23 26.9 21.8 0.062 16.5 13.4 0.024 0.086 232.0 

  Avg 372 1.23 40.0 32.5 0.093 18.7 15.2 0.027 0.120 322.7 

DH5 Max 418 1.23 42.2 34.3 0.098 18.4 14.9 0.027 0.125 298.1 

1=Master Min 418 1.23 36.6 29.8 0.085 15.3 12.5 0.022 0.107 256.9 

  Avg 418 1.23 41.5 33.8 0.097 18.0 14.6 0.026 0.123 293.3 

  Max 419 1.23 41.8 34.0 0.097 18.2 14.8 0.026 0.124 295.0 

1=Slave Min 419 1.23 37.9 30.8 0.088 14.9 12.1 0.022 0.110 262.0 

  Avg 419 1.23 41.7 33.9 0.097 17.8 14.5 0.026 0.123 292.8 

DM1 Max 105 1.23 38.0 30.9 0.088 15.9 12.9 0.023 0.111 1059.9 

1=Master Min 105 1.23 34.7 28.2 0.081 14.8 12.0 0.021 0.102 971.2 

  Avg 105 1.23 35.4 28.8 0.082 15.6 12.7 0.023 0.105 997.9 

  Max 105 1.23 37.3 30.3 0.087 16.1 13.1 0.023 0.110 1047.8 

1=Slave Min 105 1.23 32.1 26.1 0.075 14.9 12.1 0.022 0.096 915.9 

  Avg 105 1.23 35.2 28.6 0.082 15.9 12.9 0.023 0.105 998.2 

DM3 Max 245 1.23 42.1 34.2 0.098 17.4 14.1 0.025 0.123 501.9 
1=Master Min 245 1.23 38.0 30.9 0.088 16.0 13.0 0.023 0.112 455.2 

  Avg 245 1.23 40.8 33.1 0.095 17.1 13.9 0.025 0.119 487.7 

  Max 245 1.23 41.2 33.5 0.096 17.6 14.3 0.025 0.121 494.9 
1=Slave Min 245 1.23 32.9 26.7 0.076 15.8 12.8 0.023 0.099 405.1 

  Avg 245 1.23 40.2 32.7 0.093 17.2 14.0 0.025 0.118 483.0 

DM5 Max 270 1.23 42.5 34.5 0.099 17.3 14.1 0.025 0.124 458.5 

1=Master Min 270 1.23 37.5 30.5 0.087 15.9 13.0 0.023 0.110 408.4 

  Avg 270 1.23 41.5 33.7 0.096 16.9 13.8 0.025 0.121 448.0 

  Max 272 1.23 42.4 34.5 0.099 17.4 14.2 0.025 0.124 455.1 

1=Slave Min 272 1.23 37.3 30.3 0.087 15.6 12.7 0.023 0.109 401.9 

  Avg 272 1.23 41.6 33.8 0.097 17.0 13.8 0.025 0.121 445.8 
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Table B:16 WLAN power consumption using different modes and access points 

      VRF= 2.8   Vcore= 1.8     
Data pump 

Mbps R VRF I mA W Vlogic  I  mA W Tot W Tot nJ/bit 

TCP P-Save Crypt.  AP      mV      mV         

Send Off Off D-Link 4.34 1.03 192.8 187.2 0.52 34.2 33.2 0.06 0.58 134.6 

    Asus 4.42 1.03 192.2 186.6 0.52 35.4 34.4 0.06 0.58 132.3 

    Netgear 4.37 1.03 188.4 182.9 0.51 34.1 33.1 0.06 0.57 130.8 

Send On Off D-Link 1.14 1.03 121.9 118.3 0.33 33.2 32.2 0.06 0.39 341.9 

Send Off WEP D-Link 4.08 1.03 189.7 184.2 0.52 34.8 33.8 0.06 0.58 141.4 

Send On WEP Asus 1.16 1.03 136.5 132.5 0.37 40.5 39.3 0.07 0.44 380.1 

Receive Off Off D-Link 3.19 1.03 121.2 117.7 0.33 65.3 63.4 0.11 0.44 139.3 

    Asus 3.43 1.03 126.7 123.0 0.34 66.6 64.7 0.12 0.46 134.2 

    Cisco 1.71 1.03 105 101.9 0.29 55 53.4 0.10 0.38 222.7 

    Netgear 3.32 1.03 123.6 120.0 0.34 63.2 61.4 0.11 0.45 134.4 

Receive On Off D-Link 0.38 1.03 67 65.0 0.18 1.5 1.5 0.00 0.18 491.8 

    Cisco 1.71 1.03 117 113.6 0.32 38 36.9 0.07 0.38 225.4 

    Netgear 1.11 1.03 80 77.7 0.22 38 36.9 0.07 0.28 256.4 

Receive Off WEP D-Link 3.54 1.03 124.6 121.0 0.34 65.9 64.0 0.12 0.45 128.4 

Receive On WEP Asus 1.61 1.03 121.5 118.0 0.33 53.9 52.3 0.09 0.42 263.5 

UDP               

Send Off Off D-Link 4.66 1.03 164 159.2 0.45 34.5 33.5 0.06 0.51 108.7 

    Netgear 5.00 1.03 198.1 192.3 0.54 23.4 22.7 0.04 0.58 116.0 

Send On Off D-Link 4.74 1.03 181.0 175.7 0.49 38.8 37.7 0.07 0.56 118.1 

Send Off WEP D-Link 4.96 1.03 184.4 179.0 0.50 32.6 31.7 0.06 0.56 112.5 

Send On WEP Asus 5.00 1.03 200 194.2 0.54 33 32.0 0.06 0.60 120.3 

Receive Off Off D-Link 2.66 1.03 118.1 114.7 0.32 72.8 70.7 0.13 0.45 168.4 

    Netgear 3.11 1.03 119 115.5 0.32 66.7 64.8 0.12 0.44 141.6 

Receive On Off D-Link 0.85 1.03 28.8 28.0 0.08 17 16.5 0.03 0.11 126.6 

Receive Off WEP D-Link 3.15 1.03 116.5 113.1 0.32 67 65.0 0.12 0.43 137.6 

Receive On WEP Asus 4.44 1.03 129 125.2 0.35 75.5 73.3 0.13 0.48 108.6 
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Figure B:40 Comparison between different access points 

used in the WLAN me asurement. 
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Table B:17 MPL 2502 chip power consumption 
  V (mV) I (mA) W pJ/bit  
Master LVCMOS IO ring 0.12 0.10 3.05E-04 0.95 
Master P2S block and other digital 8.17 6.86 2.06E-02 64.36 
Master PLL and MPL line drivers 2.44 1.97 5.90E-03 18.44 
Slave LVCMOS IO ring  0.71 0.59 1.78E-03 5.56 
Slave S2P block and other digital 2.86 2.40 7.21E-03 22.52 
Slave MPL line current and MPL RXs  3.74 3.02 9.05E-03 28.28 
  Total 14.94 0.04 140.11 
Table B:18 MPL 2502 chip power consumption with different data 
Role Data I tot (mA) W  pJ/bit 
Master 1 8.98 2.69E-02 84.18 
Master 0 9.01 2.70E-02 84.44 
Master Mixed 8.81 2.64E-02 82.62 
Slave 1 6.01 1.80E-02 56.32 
Slave 0 6.01 1.80E-02 56.34 
Slave Mixed 6.02 1.81E-02 56.42 
 

 
Table B:19 Power consumption for Vendor A DVK 
TFC A W (3.3V) Mbit/Joule (340Mbps) 
Vendor A TFC 1 (TFI) 1.69 A 5.56 W 61.12 Mb/J 
Vendor A TFC 5 (FFI) 1.68 A 5.53 W 61.47 Mb/J 

Figure B:41 Top graph shows the reproduced clock signal from the 
MPL receiver, the bottom graph shows the input clock. 
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FFI Rates vs Distance
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Figure B:42 Rate vs. distance for different PHY rates using FFI on Vendor B Development Kit. 

TFI Rates vs. Distance
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Figure B:43 Rate vs. distance for different PHY rates using TFI on Vendor B Development Kit 
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Figure B:44 UWB throughput using 1500 byte Ethernet frames over Vendor B  development kit 
 
Table B:20 Throughput measurement result together with data on power consumption provided by 
Vendor B 

Mode 
PHY rate 
(Mbps) 

rate no ack 
(Mbps) 

rate ack 
(Mbps) 

Tx 
(mW) 

Rx 
(mW) 

Sleep 0 0 0 30,6 30.6 
Stanby 0 0 0 114 114 
Ready 0 0 0 169,4 169.4 
FFI 200 148.8 106.5 490 710 
FFI 480 270.1 152.2 523 753 
TFI 200 148.8 106.5 505 680 
TFI 480 270.1 152.2 No data 715 
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Figure B:45 Bits per Joule performance of Vendor B DVK 


