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Abstract

Current Radio Frequency Identi cation (RFID) sys-
tems generally have long design times and low toler-
ance to changes in speci cation. This paper describes
a eld programmable, low-power active RFID tag, and
its associated speci cation and automated design ow.
RFID primitives to be supported by the tag are enu-
merated with RFID macros, or assembly-like descrip-
tions of the tag operations. From these, the RFID pre-
processor generates templates automatically. The be-
havior of each RFID primitive is speci ed using ANSI
C in the template. The resulting le is compiled by
the RFID compiler. A smart bu er sits between the
transceiver and the tag controller, to detect whether
incoming packets are intended for the tag. By doing
so, the main controller may remain powered down to
reduce power consumption.

Two System-on-a-Chip implementation strategies
are presented. First, a microprocessor based system
for which a C program is automatically generated. The
second includes a block of low-power FPGA logic. The
user supplied RFID logic in ANSI-C is automatically
converted into combinational VHDL by the RFID com-
piler. Based on a test program, the processors required
183, 43, and 19 J per transaction for StrongARM,
XScale, and EISC processors, respectively. By replac-
ing the processor with a Coolrunner I, the controller
can be reduced to 1.11 nJ per transaction.

1 Introduction

Radio Frequency Identi cation (RFID) systems are
expanding rapidly with their applications such as logis-
tics, supply chain management, library item tracking,
medical implants, road tolling (e.g. E-Z Pass), build-
ing access control, aviation security, and homeland se-
curity. These RFID systems often have customized

O0This research was supported in part by ADCUS, Inc., The
Ben Franklin Technology Development Program of PA, and The
University of Pittsburgh.

requirements that are currently de ned ad hoc As

a result, in most applications, RFID tag and reader

hardware and software must be speci cally designed
for each particular application, and must be physically

modi ed or re-designed every time the speci cation for

the current application is adjusted.
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Figure 1. Extensible, low-power RFID tag.

As shown in Figure 1, this paper presents an exten-
sible RFID tag system that can be easily customized
to work with dierent standards and even concur-
rently with proprietary commands tailored to the de-
sired application. The tag consists of a programmable
controller, an air interface, and a power-aware smart
bu er. To program the controller, a design automation
tool has been developed that allowsRFID primitives ,
or the commands employed by the RFID system, to be
speci ed using RFID macros, an assembly-like format.
These RFID macros are processed to generate a tem-
plate le to specify the behavior for each macro. All
behavior is speci ed using ANSI-C allowing the user
to create arbitrarily complex behaviors. Finally, the
RFID compiler generates the nal controller used for
managing the tag. This technique can allow the seam-
less coexistence of several RFID standards such as the
American National Standards Institute (ANSI) stan-
dard 256-2001 [1] and the International Standards Or-
ganization (ISO) standard 18000-7 [11].

In order to reduce the power consumption of the tag,
the smart bu er manages the activation of the con-



troller. Because RF signals are broadcast to the entire
system by nature, the tag will receive many RFID pack-
ets intended for other destinations. The tag controller
can be turned o until the smart bu er detects a packet
that requires a response, saving system power. Because
RFID packets are transmitted serially with kHz speed
clocks, even allowing the controller to remain o can
contribute a signi cant power savings.

To prove this design methodology, two RFID tag
systems are presented. The rst employs an embedded
microprocessor core as the controller. This requires
the RFID compiler to generate a C program that is
compiled onto the microprocessor with its embedded C
compiler. The second system replaces the microproces-
sor with an FPGA block requiring the RFID compiler
to generate a controller in synthesizable VHDL. Both
techniques integrate the smart bu er implemented in
silicon with an existing transceiver. To prototype the
system, the smart bu er was implemented in an FPGA.

The remainder of the paper is organized as follows:
Section 2 describes the related work in the RFID sys-
tems domain. Section 3 describes the stages of the
RFID speci cation methodology and the compilation
ow to support the microprocessor and the FPGA
based systems. Section 4 describes the algorithm and
architecture for the RF Transceiver Coprocessor. Sec-
tion 5 presents our results. Section 6 presents our con-
clusions and future research directions.

2 Related Work

Research and development in RFID has been fo-
cused on hardware and rmware components such as
active and passive RFID tags, readers, and embedded
software, for the purpose of its deployment in specic
application domains. RFID is being incorporated in
supply chain management, giving enterprises a real-
time view on the location and integrity of their inven-
tories. RFID technology is used in a location sens-
ing prototype system for locating objects inside build-
ings [16]. RFID tags have been adopted in the Vat-
ican Library in Rome to identify and manage its ex-
tensive book and document collection [21]. RFID tags
and intelligent transponders are widespread for vehi-
cle to roadside communications, road tolling and ve-
hicle access control [2]. The medical industry has
deployed RFID technology in "Mobile Healthcare Sys-
tems" for positioning and identifying persons and ob-
jects inside the hospitals [15]. Di erent types of RFID
prototype systems are being developed to support all
aspects of aviation baggage tracking, sorting and rec-
onciliation [3]. Recent research has focused on the col-
lection and storage of RFID data using Geo-Time vi-
sualization [18]. Distributed Application Speci cation

Language (DASL) has been used to model and deploy
software applications to process RFID event data [14].

Most of the above RFID systems use proprietary hard-

ware and software that cannot tolerate changes to the

application or standard. However, the use of design
automation for the development of RFID systems has

not been a topic of research.

Our contribution to the eld of RFID systems design
is a programmable tag and the associated compilation
technique based on simple input speci cations. This
can signi cantly reduce the design time and the cost of
deploying exible RFID systems.

3 Extensible Controller

The typical format for RFID communications be-
tween the interrogator and transponder is a set of com-
mands from the interrogator and a corresponding re-
sponse or action on the transponder. The set of com-
mands varies between the standards and often must be
augmented based on the application needs. The RFID
speci cation methodology and compilation ow are il-
lustrated in Figure 2. The steps described in Figure 2
are enumerated in the following sections.
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Figure 2. RFID compilation ow

3.1 Macros Speci cation

The simple assembly-like descriptions corresponding
to the RFID primitives and their responses are termed
RFID macros. As an illustration of the RFID macro
representation, aprimitive \Owner id write" has been
selected from the 1SO standard. The format of the
elds in the primitive and its response are illustrated
in Figure 3.

Each primitive has a unique eld called the com-
mand code or opcode which serves as the identier
along with a number of other elds of varying lengths
as positions for data present as can be inferred from
Figure 3. Similarly, the tag response to each primitive
has a number of elds of varying lengths as positions
of data present.

Each RFID macro description has a short character
string that corresponds to the name of the primitive,
a number corresponding to the value of the opcode, a
set of operands corresponding to the primitive's format
and a set of operands corresponding to the response
format.



“OWNERID WRITE” COMMAND FORMAT

PREFIX TYPE OWNER ID TAGID

INTERROGATOR ID COMMAND CODE

8BITS 8 BITS 24 BITS 328BITS

i6BITs 8BTS 16 BITS

RESPONSE FORMAT

TAG STATUS MESSAGE LENGTH INTERROGATOR ID

TAGID

COMMAND CODE

16 BITS 8BITS i6BITS

32BITS

8BIrs i6BITS

TAG STATUS FORMAT

MODE FIELD RESERVED ACKNOWLEDGE RESERVED

TAG TYPE RESERVED USER ID BATTERY

4 BITS 3BITS 4BITS 2BITS

3BITS iBIT iBIT iBm

Figure 3. Owner id write primitive and response format (1SO)
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Figure 4. Macros speci cation

Figure 4 shows the macros le corresponding to the
Owner Id Write primitive. In order to capture the de-
tails of the lengths of each eld in the primitive, the
macros le has been conceptually broken into adecla-
rations section and amain section. The declarations
section allows the user to pre-declare the lengths of all
the elds that will occur in the primitives and the re-
sponses. In the main section, the primitives and the
corresponding responses are de ned in terms of the
elds thereof.

3.2 Template for Behavior

The RFID interrogator (Reader) transmits primitive
to the tag through an air interface. The tag responds
by way of changing its current state and / or transmit-
ting a response message back to the interrogator. The
nature of the tag behavior is speci ed to the RFID com-
piler, to be incorporated in the end tag software. The
user speci es tag behavior in a programming language
such as ANSI C.

To simplify the user interaction, the RFID parser
generates a template for the response behavior indicat-
ing where the user must specify such custom behavior.

Any C language constructs (conditionals, loops, etc.)
can be added (or left unchanged) by the user to check
the values of the elds of the incoming primitive and
to specify the values of the elds of the response. The
template generated for the collection command icol in
the macros speci cation in Figure 3) is shown in Fig-
ure 5(a). A le containing similar templates for all the
macros that were included in the macros speci cation
le will be generated for the user.

All details regarding the size and the position of the
eld in the interrogator command and in the response
packet are built into the compiler. Hence the com-
plexities of unpacking the command and packing the
response are abstracted from the user as seen in Fig-
ures 5(a) and 5(b). However, the user's option to ma-
nipulate each individual eld in the response has been
preserved. Thus, the customization of responses and
state changes can increase in complexity with user fa-
miliarity.

3.3 Compiler-Generated RFID Tag Program
The nal phase of the compiler is the computer (tar-
get microprocessor) code generation based on the input



(a) Template Generated

TAGSTATUS .modefield = 0;
TAGSTATUS.reservedl = 7;

if (commandvalid)
TAGSTATUS . acknowledge = O;
else
TAGSTATUS . acknowledge = 1;

TAGSTATUS.reserved2 = 3;
TAGSTATUS. tagtype = 2;
TAGSTATUS.reserved3 = 1;
TAGSTATUS .userid = 1;
TAGSTATUS .battery = 0;
RESPONSE .mesglen = 112;
RESPONSE.interid = interid;
RESPONSE. tagid = tagid;
RESPONSE .ownerid = ownerid;
RESPONSE.crc = crc;

(b) After User Input

Figure 5. Behavior for Collection Command

macros speci cation and the tag behavior. The com-
piler generates decode instructions that identify the in-
coming RFID primitive . For each case of an incoming
command, the compiler creates routines that unpack
the command into the elds that it is expected to con-
tain. The corresponding behavior is attached to each
one and the routines for packing the response are gener-
ated. The resultis that the nal generated ANSI C pro-
gram receives the incomingRFID primitive , identi es

it based on the value of its opcode, unpacks its elds,
executes its behavior, packs its response and sends it
to the interrogator.

To synthesize a hardware controller a VHDL back-
end was developed. The automated C program gen-
eration and the SuperCISC compilation ow described
in [8,12] were combined. While the behavior is speci-
ed in C by the user, much of the remaining C code is
automatically generated from the RFID macros. For
the hardware RFID compiler, this automatically gen-
erated code segment was output in VHDL rather than
C. In many ways, generating the VHDL code from the
macros is actually more natural as VHDL handles ar-
bitrary bit widths more naturally than C/C++.

Because C is a signi cantly more universally known
language than VHDL or Verilog, it is desirable to con-

tinue having the end-user specify the primitive behav-
iors for the RFID Tag in C code. This requires that the

C code be converted in synthesizable hardware code.
Preferably, this code would also be as simple as pos-
sible and optimized for power. The hardware RFID
compiler can read primitive behavioral descriptions in
non-modi ed ANSI-C and generate entirely synthesiz-
able VHDL for combinational implementation. These
combinational blocks are combined with the automat-
ically generated packet packing, unpacking, and de-
coding VHDL and synthesized for the reprogrammable
hardware target. The resulting synthesizable VHDL is
synthesized, mapped, placed, and routed for the target
FPGA device using commercially available tools. The
prototype system was targeted for a Xilinx Coolrunner
I1, however, any low-power reprogrammable device or
IP block could be used.

Figures 6 and 7 show the conversion of the C code
into combinational hardware. First the C code is rep-
resented in a control and data ow graph (CDFG)
representation as shown in Figure 6 for the \Owner
id write" (iown) primitive. CDFGs are commonly
used within compilers for transformations and opti-
mizations. Many behavioral synthesis tools also use
CDFGs as their internal representation [7,20]. The
CDFG shown in Figure 6 has the control ow graph
(CFG) on the far left. The edges between each block
represent control dependencies. Generally, control de-
pendencies indicate that a decision must be made. Of-
ten, cycle boundaries are created due to control de-
pendencies during synthesis of CDFGs. Each block in
the CFG is a basic block containing a data ow graph
(DFG). All of the basic blocks in the CFG are shown to
the right of the CFG. Edges in the DFG represent data
ow dependencies creating combinational ow (e.g. no
cycle boundaries) during behavioral synthesis.

The SuperCISC compiler translates the CDFG into
an entirely combinational representation called a super
data ow graph (SDFG). This process takes advantage
of several well known compiler transformations such as
loop unrolling and function inlining as well as a tech-
nique called hardware predication to convert all con-
trol dependencies into data dependencies creating an
entirely combinational representation. The SDFG for
the ionw is shown in Figure 7. Because the Super-
CISC technique removes the need for many potentially
high-power consumption sequential constructs such as
registers and clock trees, SDFG based hardware imple-
mentations are extremely power e cient [13].

4 The Smart Buer

To reduce the power consumption of the controller,
it is necessary to decrease the time when the controller
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Figure 6. CDFG for “Owner id write” (

Figure 7. SDFG for “Owner id write” (

ionw)

is active. Therefore, an RF transceiver coprocessor was
created to manage bu ering messages to and from the
transceiver and activating the controller for responding
to RFID primitives when necessary. This is an infor-
mation lter used for power reduction. Thus the RF
transceiver coprocessor osmart bu er assists the em-
bedded controller to sleep or stay in a low-power idle
mode while any non-relevant packets arriving at the
RFID tag are ignored and valid packets wake up the
processor to respond appropriately.

4.1 Algorithm for RF Transceiver Coprocessor

The conceptual ow in Figure 8 shows the mecha-
nism for the RF transceiver coprocessor, i.e., thesmart
bu er. Inthe rst four states highlighted as green, the
smart bu er veri es the message preamble and bu ers
the incoming packet. The smart bu er then checks to
see if the packet was intended for this particular tag.
The controller is not used to make the check, it is done
in hardware while the controller remains idle or asleep.
As a result, only the smart bu er consumes power. If
the incoming packet is invalid, the smart bu er will
ignore it and go back to the listen state.

If the incoming packet is identi ed as an intended
packet for the Tag, by matching the tag ID or group ID
from the packet, the smart bu er will wake up the con-
troller to process the packet. The controller reads data
from the smart bu er and responds correspondingly.

After the controller writes response data back to the
smart bu er, the smart bu er generates a bit stream of
data consisting of a preamble signal and the response
data with Manchester coding. It is at this point that
the controller returns to the low-power mode. Upon

ionw)
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Figure 8. The conceptual ow of the smart buffer.

Smart Buffer
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completion of sending the packet response, the smart
bu er returns to listening for the next preamble.

Figure 9 depicts the top level diagram of the smart
bu er. The smart bu er has four 1/O pins to the RF
front end circuit. The blocks described in Figure 9 are
enumerated in the following sections.

4.2 Preamble Removal Unit

The preamble removal unit detects a valid incoming
preamble signal. It receives bit stream data from the
RF front end circuit. This digital bit stream data is
converted from an analog signal the RF circuitry re-
ceives from the antenna. However, because the input
signal is analog, the signal may be due to noise rather
than a preamble. Therefore, the smart bu er has the
ability to tolerate noise and only recognize the valid
preamble signal. The speci cation of the preamble sig-
nal is de ned in the ANSI and ISO standards [1, 11].

The preamble signal begins with a series of pulses
with 30 s high followed by 30 s low. Every preamble
signal, regardless of whether it has originated from a
tag or a reader has 20 of these regular pulses. These
20 regular pulses are followed by the nal sync pulse,
which determines whether a tag or reader originated
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Figure 9. Smart buffer architecture.

the preamble. If an RFID packet comes from a tag,
the nal sync pulse is 42 s high and 54 s low. If
an RFID packet comes from a reader, the nal sync
pulse is 54 s high and 54 s low. The smart buer
can ignore RFID packets which come from other tags
by checking the length of the nal sync pulse. It will
only focus on RFID packets from interrogators as long
as the sync pulse is 54/54 pattern. Other packets are
not bu ered.

The implementation of the preamble removal unit
uses four times oversampling within each 30 s period
for each pulse. The design utilizes counters to count
the sampling period. The dierence in the sync pulse
can be detected by counting for how many samples the
nal signal is high, 5 for tags and 7 for readers.

4.3 Manchester Decoder

The Manchester decoder translates the Manchester
encoded data immediately following a valid preamble.
Itis the block for Itering and bu ering incoming RFID
packets. The decoder extracts a bit stream of Non-
Return to Zero (NRZ) data from the encoded data.

The Manchester decoder block converts eight se-
rial decoded data bits into a parallel 8-bit datum (e.g.
byte). In addition, the Manchester code contains a
ninth bit for synchronization which is always '0". This
is called a stop-bit, and is removed during decoding.
Each byte is stored in an output FIFO shown in Fig-
ure 9. When the decoder detects the nal bit of an
RFID packet, it stops storing data into the FIFO and
asserts the end of packet (EOP) signal to the interrupt
process unit. Based on the analysis result, the inter-
rupt process unit determines if it is necessary to wake
up the controller.

4.4 Packet Analysis Unit

Based on the header information obtained from the
RFID packet, the packet analysis unit attempts to de-
termine speci ¢ characteristics of this particular packet
needed to decide whether to wake of the controller for
response generation. These elements include (1) the
primitive operation code (or opcode), (2) the tag id for
which the packet is intended, and/or (3) some other
distinguishing information or id from the packet.

Both the ISO or ANSI standards have their own
algorithms for tags to identify RFID packets. There-
fore, the packet analysis unit has the ability to switch
between those two algorithms seamlessly. In both stan-
dards, commands are segregated into broadcast com-
mands and point to point (P2P) commands. For broad-
cast commands, both standards allow partitioning of
the tags into dierent bins with a unique identi er
where a logical bin can contain an unlimited number
of tags. This is accomplished by assigning that unique
id to each tag contained within the bin. In ISO this is
called the Owner ID and for ANSI the Group ID. For
point to point commands, a Tag ID is used distinguish
the destination tag.

Once the packet analysis unit veri es that the packet
requires a response, it sends a signal to the interrupt
process unit to process the packet stored in the FIFO.
Because the packet analysis occurs in parallel with the
packet bu ering, a signal can be sent to the interrupt
unit prior to the entire packet being bu ered. If the
packet does not require processing it is dropped from
the FIFO. This prevents the controller from being pow-
ered up unless it is needed to process the packet.

4.5 Interrupt Process Unit

The interrupt process unit will wake up the con-
troller only when a whole RFID packet is stored into
the output FIFO and the analysis result forwarded by
the packet analysis unit is positive. Figure 10 shows
the state diagram for the interrupt procedure. The in-
terrupt process unit will go back to the idle state after
sending an interrupt signal to the processor.

4.6 Command Control Unit

The command control unit fetches control com-
mands from the processor, such as read and write data
to FIFO, update Tag ID or Group/Owner ID, starts
the transmission procedure, and so forth. For processor
compatibility, it was desirable to minimize the number
of lines between the controller and the smart bu er.
Thus, four (4) parallel lines are utilized to communi-
cate the controller to bu er command control.

The controller to smart bu er commands are illus-
trated in Figure 11. After waking up the processor, the
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smart bu er listens for the controller to initiate com-
mands for data communication. As shown in Figure 11,
the control unit decodes 4-bit controller commands into
5 basic operations: transmit, update, push, pull, and
null. The double circle represents a potentially multi-
cycle operation.

Based on di erent control commands, the unit will
determine the direction of the bi-directional smart
bu er, controller interface. In Figure 11, dir = 0 rep-
resents that the direction of 1/O is from controller to
smart bu er and dir = 1 is the reverse. Because the
smart bu er and controller are operated in two dif-
ferent clock domains, a hand-shaking communication
approach is required to push/pull data to/from the FI-
FOs. Therefore, it is necessary to dedicate more than
one cycle to transmit a single byte of data between the
controller and FIFO.

Once the controller has generated a response and
completed pushing the response data into the FIFO, it
sends thetransmit command. This signals the smart
bu er to generate the preamble signal, convert data in
the FIFO to a serial data stream and encode the bit
stream data in Manchester coding.

4.7 Preamble Generator

According to the 1SO and ANSI standards, the
preamble generator generates a preamble signal with
20 pulses of 60 s, 30 s high and 30 s low, followed
by the nal sync pulse. Because of this RFID packet
generated from a tag, the nal sync pulse is 42 s high
and 54 s low. The preamble generator utilizes sev-
eral counters to trace the period time for each pulse.
Those counters are running with the smart bu er sys-
tem clock at 33MHz. Therefore, the preamble signal
will be skewed less than 1 s requiring the reader to
tolerate an error of +/- 3.3%.

In order to help the receiver Iter out an ambient
noise in the air, a mark state, or a stable logic low sig-
nal for 120 s is generated and transmitted just prior
to the preamble signal. While the preamble generator
creates the mark state and preamble signal, the air in-
terface unit forces therx _enable signal low and raises
the tx _enable signal.

When the nal sync pulse is transmitted, the pream-
ble generator informs the Manchester encoder to begin
to output its serial encoded data immediately. Any
signi cant gap between data and the preamble signal
may cause an error, which may not be tolerated in the
system.

4.8 Manchester Encoder

The Manchester encoder starts encoding the data in
the input FIFO after it is noti ed by the preamble gen-
erator. This noti cation occurs during the transmis-
sion of the nal sync pulse to give the encoder enough
time to have the rst byte of data ready. First, the
Manchester encoder converts the next available byte in
the FIFO to eight (8) single serial bits. Those eight (8)
bits are individually stored in single-bit shift registers.
In addition, a stop bit needs to be appended for each
byte of data in the shift registers.

The NRZ data is synchronized with the coding clock.
According to the speci cation of ISO and ANSI stan-
dard, the period of coding clock is 36 s; 18 s high
and 18 s low. This clock signal is generated in the
Manchester encoder block.

4.9 Air Interface Unit

The air interface unit has two output control signals,
tx _enable and rx _enable. Since the smart bu er de-
faults to listening for incoming signals from the air, the
rx _enable signal is set high andtx _enable signal is set
low at all times except when the smart bu er is ready
to transmit an RFID response packet back to readers.

5 Results
The prototype microprocessor system was simulated
using an Altera APEX 20 FPGA for smart bu er im-



plementation and three di erent processor cores: the
Intel StrongARM(0.35 m) at 206 MHz [9], the Intel
XScale 80200 (0.18m) at 733 MHz [10], and the 16-
bit EISC microprocessor (0.35 m) at 50 MHz from AD-
Chips [4]. A prototype system was built with an Avnet
development board, an EISC development board, and
an air interface prototype board fabricated using PCB
Express. The system was tested with a variety of auto-
matically generated controller programs including any-
where from 1 to 14 Primitives. Additional primitives
were not t in the prototype system due to limitations
of available memory on the board.

The prototype hardware based system was imple-
mented using OKI standard cells for the smart bu er
and a Xilinx Coolrunner Il XC2C512 for the primi-
tive logic. The entire system was also prototyped with
a single Spartan 3 XC3S400 and tested in hardware.
The system was tested with up to 40 primitives, which
includes all primitives from ANSI and ISO standards
and several custom primitives. The area and and per-
formance results are shown in Table 1 for the XC3S400
and Table 2 for the XC2C512.

Power optimization is critical in RFID systems as
the power supplied to the tags is limited in the pas-
sive case and battery drain needs to be limited in the
active case. Because active systems are designed for ex-
tremely low-cost large-scale applications, frequent re-
placement of batteries is not feasible. The research so
far tries to minimize power consumption of anti colli-
sion protocols [22] and to implement energy conserving
access protocols [5] in RFID systems. While the smart
bu er provides a power down capability to the con-
troller, it is still important to reduce power consump-
tion while the controller is active to increase battery
lifetime. The power savings due to the smart buer
are scenario dependent (e.g. the number of accesses
per day, number of tags in the system, etc.). There-
fore the remaining results are for the active case of the
controller.

5.1 Tag Controller

5.1.1 Microprocessor-based Tag

The RFID compiler was used to generate programs: A
with 24 primitives, B with 12 primitives, and C with

4 primitives. Experiments were conducted by execut-
ing 1 primitive of Program A, 1 primitive of B, and 1
primitive of C.

The sim-panalyzer [19] and XTREM [6] tools were
used to estimate the power dissipation of the mi-
croprocessor based tag for the ARM based cores.
Sim-panalyzer is a cycle accurate, architecture level
power simulator built on the SimpleScalar simula-
tor. XTREM is a SimpleScalar-based power and per-

Table 1. Area and performance for implementing
smart buffer and primitive logic on a Spartan 3
XC3S400. Maximum frequency (FMax) is in MHz.

Primitives |LUTs % used |FMax
2 1946 27% 70
4 1948 27% 70
6 1958 27% 70
8 1971 27% 70
10 2003  27% 68
12 2061 28% 70
15 2420 33% 68
20 2576 35% 67
24 2594 36% 66
30 2612 36% 65
35 2692 37% 65
40 2704  37% 65

Table 2. Area and performance for implementing
the primitive logic on a Coolrunner Il XC2C512.
Macrocells (MCs), product terms (PTs), registers
(Regs), function block inputs (FBIs) are included.
Maximum Frequency (FMax) is in MHz.

Prim |[MCsused [PTsused |Regs used |FBIsused |FMax
2 332 66%| 444 25%| 262 52%| 360 29%| 49
4 335 66%| 477 27%| 267 53%| 379 30%| 41
6 338 67%| 514 29%| 271 53%| 408 32%| 41
8 340 67%| 506 29%| 271 53%| 391 31%| 40
10 350 69%| 477 27%| 283 56%)| 338 27%| 49
12 366 72%| 552 31%| 307 60%| 396 31%| 41
15 426 84%| 772 44%| 422 83%| 611 48%| 41
20 447 88%| 953 54%| 443 87%| 767 60%| 29
24 447 88%| 993 56%| 443 87%| 801 63%| 33
30 447 88%|1106 62%| 443 87%| 870 68%)| 33
35 449 88%|(1181 66%| 443 87%| 900 71%| 26
40 447 88%|(1213 68%| 443 87%| 914 72%| 30

formance simulator tailored for Intel XScale micro-
architecture. We used SimpleScalar's sim-pro le to ob-
tain ARM instruction and instruction class pro les for
our software. Because an instruction set simulator was
not available for the EISC, the application was run
on the development board and the execution time was
measured by setting a pin output from low to high
upon each iteration, and measuring duration using an
oscilloscope. The energy consumed by the EISC was
based on a static power estimate from ADC [4], which
should be within about 10% accuracy of an instruction
level power estimation approach [17].

Table 3 shows the power consumption of our pro-
gram on the StrongArm, XScale, and EISC processors.
These results show the power consumption during the



Table 3. Power consumption results for Stron-
gARM (SA), XScale (XS) and EISC based tags dur-
ing response generation.

con gurable logic and only the user de ned primitive
controller generated by the compiler is implemented in
the CoolRunner. The corresponding power and energy
consumption are displayed in Table 4.

Description Avg. Power (mW) Energy ( J)
SA XS EISC ! SAXSEISC 2 Table 4. Primitive logic on a Coolrunner Il XC2C512
Program A (1 prim) 314 244 30 140 32 -
Program B (1 prim) 322 257 30 183 43 19 Num Power (mW) Energy ( J)
Program C (1 prim) 314 249 30 140 32 17 Prims. Dynamic Quiescent Total Total
2 1.06 0.05 1.11 0.00111
. . . 4 1.06 0.05 1.11 0.00111
active phase of the RFID transaction (e.g. the time af- 6 1.06 0.05 1.11 0.00111
ter the entire packet is received by the smart bu er 8 1.07 0.05 1.12 0.00112
and is determined to be relevant). During this time, 10 1.06 0.05 1.11 0.00111
the smart bu er is active, however as seen for the ASIC 20 1.24 0.05 1.29 0.00129
implementation in Table 5 this power is negligible com- 30 1.24 0.05 1.29 0.00129
40 1.24 0.05 1.29 0.00129

pared to the processor power. Both ARM based pro-
cessors operate in the 250-400 mW range, while the
XScale uses signi cantly less energy. The EISC pro-
cessor uses an order of magnitude less power, but op-
erates much slower. However, the energy consumed is
still less than half of XScale.

It can be seen that the power consumption of XScale
is less than that of StrongArm though they both imple-
ment the ARM ISA. This is because the XScale fam-
ily of microprocessors uses deep pipelines and micro-
architectural optimizations for high performance [10].
Further, the reduced power consumption and greater
clock speed of XScale 80200 result in its far lower en-
ergy consumption.

5.1.2 Hardware-based tag
While the embedded processor approach does provide
a reasonable power/energy consumption, improvement
is still possible. Ideally, the EISC processor would be
used for low-power purposes, however, system memory
is a limitation. To improve both the power and capac-
ity of the controller, a hardware solution is being ex-
plored. The power consumption of the reprogrammable
devices including the Spartan 3 and Coolrunner Il was
estimated using Xpower from Xilinx. Switching statis-
tics for the tool were generated from cycle-accurate,
post place and route simulations of actual test data.
While the Spartan 3 provides plenty of capacity, its
power consumption, albeit potentially lower than the
ARM based processors, is not as low as desired. Much
of this is due to the quiescent power of 92 mW. In
order to further reduce power, the Coolrunner Il was
explored. The smart bu er is segregated from the re-

1static power estimation provided by ADChips [4]

2Energy calculation is static power consumption multiplied
by measured execution time. - means program did not t within
instruction memory.

5.2 Smart Buffer Implementation
The smart buer was prototyped on Spartan 3

FPGA and studied for ASIC implementation using 0.16

m OKI standard cells. While it was possible to im-
plement FIFO blocks on the Spartan 3 using Xilinx IP
blocks, ASIC versions of these FIFOs were not avail-
able. So three components, preamble detection, a 30
kHz wake-up signal detection, and Manchester decoder,
were separated from the larger design and synthesized
and power pro led independently.

Table 5. ASIC vs. FPGA power for Smart Buffer

Component Spartan 3 0.16 m ASIC
Wake-up Signal 0.01 mw 0.001 mw
Preamble Detection  0.87 mW 0.005 mw
Manchester Decoder 0.95 mW 0.284 mwW
Quiescent Power 92 mw 0 mw
Total 93.83 mW 0.29 mW

The power estimates of the ASIC and Spartan 3
based smart bu er components are displayed in Ta-
ble 5. The analyses are based on post synthesis simu-
lation with the exact same stimuli. The FPGA power
results were computed using Xilinx Xpower and the
ASIC power results were calculated using Synopsys
PrimePower. Based on the results from Table 5 the
ASIC version of the implementation uses orders of mag-
nitude less dynamic power for all components. Inter-
estingly, the quiescent power of the FPGA alone is
nearly three orders magnitude greater than the dy-
namic power of the ASIC.

6 Conclusions and Future Work
This paper presents a design automation ow for an
extensible, low-power RFID tag. The RFID compiler



can automatically generate software or hardware for
both microprocessor and hardware based tags from a
simple description of the standards and behavior in C.
The system is extensible, as it allows for addition (or
removal) of a set of customprimitives that may be a
subset or superset of the original standard(s).

To select the appropriate tag architecture for an ex-
tensible low-power tag, consider the power consump-
tion for the di erent tag systems described in Section 5.
Based on the results from Section 5.2 coupled with the
fact that smart bu er does not require recon guration
except in drastic redesign of RFID systems, implement-
ing the smart bu er directly in silicon is the preferred
option.

To allow the tag controller to be recon gurable,
the two possible prototypes are either microprocessor
based or FPGA based. Three low-power embedded mi-
croprocessors were power pro led in Section 5.1.1. In
terms of energy consumption, StrongARM is consis-
tently 4-6 times worse than XScale requiring hundreds
of J compared to tens of J for XScale. For ease
of comparison, consider program B with 12 primitives.
This program was run or modeled successfully on all
platforms. Of the microprocessors, StrongARM per-
formed the worst, requiring about 4 times more energy
than an XScale and almost 10 times that of an EISC.

However, for the same primitives running on a Cool-
runner Il, the required power drops from tens or hun-
dreds of mW to 1.1 mW. Additionally, the response
computation is done much faster, requiring a single
1 MHz clock cycle to complete. Thus the energy re-
quired by the Coolrunner is in the nJ range while the
best performing processor (EISC) still requires 17 J.
Additionally, the Coolrunner Quiescent power is ap-
proximately 50 W, a reasonable power consumption
for idle modes of an active RFID tag.
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