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ABSTRACT

In this paper, we propose a processor which is optimized for
idle mode operation of a software defined radio (SDR) ter-
minal. Since a SDR terminal spends most of its time in the
idle mode, reducing the power consumption in this mode di-
rectly translates to longer terminal standby time. Workload
analysis of idle mode operations of contemporary standards
showed that these are dominated by FIR filtering, which can
be easily parallelized. This analysis was used in the design
of the idle mode processor. The key architectural compo-
nents are an SIMD unit for the parallel computations that
dominate the workload, a conventional scalar unit for the
sequential computations, and a control unit which supports
efficient data memory access and loop control. The idle
mode processor was modeled with Verilog and synthesized
using standard cells in 0.13 micron technology. It consumes
about 9mW at 1.08V.

Categories and Subject Descriptors

C.14 [Processor Architecture]: Other Architecture Styles
— Mobile processors

General Terms

Design, Performance
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1. INTRODUCTION

Software defined radio (SDR) is a wireless communication
system whose function blocks are implemented by flexible
software routines instead of fixed hardware, so that various
wireless protocols can be easily supported on the same plat-
form and future changes can be smoothly accommodated. In
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this paper we consider the baseband processor, which is dig-
ital hardware that performs complex signal processing algo-
rithms for communicating over unreliable wireless channels.
The baseband processor deals with the most computation-
ally demanding part of the wireless communication system
and, as a result, is usually realized as an ASIC. Although
the baseband processor can be used both at the basestation
and the wireless terminal, we focus on the baseband proces-
sor in the wireless terminal. This makes power reduction in
the baseband processor particularly important.

The operation of the wireless terminal can be classified
into two modes: active mode when a wireless terminal ac-
tively transmits and receives user traffic, and idle mode
when a wireless terminal waits passively to respond to com-
munication requests from other terminals. Because the work-
load of the active mode is substantial, most previous re-
search on SDR platforms has focused on the efficient support
of the active mode operations. However, for the end user,
one of the most desirable features of a wireless terminal is
long battery life [1]. A significant portion of battery power
is used in the idle mode. Although the energy dissipated by
a single idle mode operation is very small, the aggregated
effect is substantial, because a wireless terminal spends most
of its time in the idle mode. In the case of W-CDMA ter-
minal, the idle time can be as much as 99% [2][3].

The main topic of this paper is to minimize the idle mode
power consumption of the baseband processor for SDR ter-
minals without limiting programmability too much. We will
show that this can be achieved, because the number of dis-
tinct signal processing kernels of the idle mode is limited.

The first step in our work is to identify the signal pro-
cessing algorithms used in the idle mode and to characterize
their computation patterns. We analyze the idle mode oper-
ation scenario of several contemporary standards, including
GSM, GPRS, EDGE, IS-95, cdma2000, W-CDMA, IEEE
802.11/a/b/g, WiMax, and WiBro. In the workload anal-
ysis described in Section 2 we find that, although wireless
terminals perform many operations in the idle mode, the
majority falls into the class of finite impulse response (FIR)
filtering which can be represented by Zfz_ol ¢i-x[i+n]. The
absence of data dependency between the terms means that
the multiplications can easily be parallelized. There still ex-
ist some sequential computations in the idle mode operation;
however, their impact is not as significant.

Based on these observations, we propose an idle mode
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tion multiple data (SIMD) unit, a scalar unit, and a control
unit. The SIMD unit handles the parallel workload, namely
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Figure 1: The active and idle operation modes of
wireless terminal, and the awake and sleep periods
in the idle mode

the FIR filter; the scalar unit handles the sequential work-
load; and the control unit assists the SIMD and scalar units
with automatic data memory address generation and loop
control. The operations in the FIR filter can be efficiently
mapped onto the SIMD unit allowing for significant power
savings — parallelization makes possible lower operation fre-
quency and slower but more power efficient circuits. The
proposed idle mode processor can also be used in the ac-
tive mode, because the key idle mode computation kernels
are also among the computationally-intensive kernels used
in the active mode.

To validate our idea, we implement a hardware model
of the proposed architecture using Verilog and synthesize
it using 0.13 micron technology. This model is used as an
input to Synopsys’ PrimePower, a commercial power eval-
uation tool. The experiments show that the proposed idle
mode processor consumes about 9ImW at 1.08V when per-
forming the idle mode operations. This is more than a 80%
dynamic power reduction compared to state-of-the-art SDR
processors optimized for the active mode [4]. Such signifi-
cant power reduction is due to the lower operation frequency
made possible by the simplified SIMD architecture. Further
power reduction in low activity periods can be achieved by
using more advanced silicon process technology and tech-
niques such as clock gating.

This paper is not the first attempt to optimize the power
consumption of hand held devices when they are in a low
activity mode. There are several low power general pur-
pose processors targeted for hand held devices. Examples
are personal data assistants based on Intel’s Xscale [5] and
IBM’s PowerPC 405 [6]. However, the application domain
of these processors is quite different from that of the base-
band processor. While there have been a number of projects
that explore SDR platforms [7][8][9][10][11], these efforts are
primarily focussed on the active mode, and ignore the idle
mode. The contribution of this paper is to characterize the
operation of a SDR terminal in the idle mode, and to pro-
pose an architecture that is optimized for idle mode opera-
tion and can be used as part of the baseband processor of
an SDR terminal.

2. WORKLOAD ANALYSIS

2.1 Operation Modes of Wireless Terminal

Wireless terminals change their operation state accord-
ing to use activity as depicted in Figure 1. When there
are active user applications, wireless terminals employ all
of their functionality to support high data rate communica-
tions (active mode). However, even when there exist no
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Figure 2: Generalized idle mode operation flow of
wireless terminals in basestation based networks

active user applications, wireless terminals can not turn off
completely, because requests from other terminals may be
received at unpredictable times. So, wireless terminals acti-
vate a subset of their communication components to receive
the requests (idle mode). In the idle mode, the operation is
intermittent. Instead of continuously monitoring for signals,
terminals completely power off their receiver (sleep period)
and activate it only for short pre-scheduled periods (awake
period).

2.2 Operations in Idle Mode

In this section, we discuss in detail the idle mode opera-
tion of wireless terminals. We consider idle mode operation
for two cases: a wireless network with basestations and a
wireless network without basestations (ad hoc network).

2.2.1 Operation of Network with Basestation

Most wireless networks such as GSM, GPRS, EDGE, IS-
95, cdma2000, and W-CDMA use basestation. In such net-
works, idle mode operations consist of two steps, cell search-
ing and control message decoding, as shown in Figure 2. In
the cell searching step, the terminal selects basestations that
provide best quality channel among candidates. In the con-
trol message decoding step, the terminals receive and decode
control messages from selected basestations.

Cell searching: As shown in Figure 2(a), the cell search-
ing step consists of four procedures: pulse shape filtering,
synchronization, channel quality measurement, and cell se-
lection. Pulse shape filtering is a common low pass filtering
operation used in all wireless terminals. It is typically im-
plemented with an FIR filter. The synchronization proce-
dures of most wireless networks have considerable similar-
ity: a basestation broadcasts a reference signal containing
a synchronization code, the terminals extract timing and
frequency information from this signal by matched filtering
of received signal with the synchronization code. After the
synchronization, terminals measure the quality of channel
provided by the synchronized basestation. Channel quality
is measured by the fidelity of the decoded reference signal.
As shown in Figure 2(a), the terminals iteratively perform
the pulse shaping, synchronization and channel quality mea-
surement procedures against all candidate basestations. Cell
selection is to select a set of basestations that provide best
quality channel.

Control message decoding: After the cell searching, the
pulse shaped signal is passed to the channel estimator which



estimates the wireless channel characteristic. The estimated
characteristics are used to demodulate the received signal.
Demodulation is to reconstruct the most probable informa-
tion sequence from the received signal. Terminals of TDMA
networks typically use the FIR filter and a Viterbi decoder
for the channel estimation and demodulation. Terminals
of CDMA networks perform matched filtering for the chan-
nel estimation. The demodulated signal is processed by the
channel decoder which performs forward error correction.
Turbo decoders and Viterbi’s decoders are typical exam-
ples of channel decoder. The decoded result is forwarded to
upper layers. Although the channel estimation and chan-
nel decoding procedures are the ones with heaviest work-
loads in the active mode, their workload is not substantial
in the idle mode because the control message decoding is
performed only once while the synchronization and chan-
nel quality measurement procedures are performed multi-
ple times against all candidate basestations. Thus, the idle
mode workload of basestation based networks is dominated
by the synchronization and channel quality measurement
procedures.

2.2.2 Operation of Ad Hoc Network

The operation flow shown in Figure 2 is not valid for ad
hoc networks. To avoid severe power penalty, a wireless
terminal in an ad hoc network does not continuously broad-
cast the reference signal to synchronize all terminals within
a network. Instead, terminals attach a preamble sequence
at the header of all transmitted frames. In order to detect
the transmission of a new frame, terminals compute the cor-
relation between the received signal and its delayed signal.
This type of computation is called a ‘sliding window’ and
its detailed characteristics will be discussed in the followed
subsection. Wireless local area networks (WLAN) such as
IEEE 802.11/a/b/g sometimes operate in the ad hoc mode.

2.3 Key Computation Patterns in Idle Mode

There are two key kernels that dominate the idle mode
operations: FIR filtering and sliding window. For instance,
the FIR filter operation occupies about 80% of the idle mode
workload of W-CDMA terminal [12]. It follows that the
power efficiency of the idle mode processor is dominated by
the power efficiency of these kernel computations.

2.3.1 FIR Filter

The computation pattern of the FIR filter which is used
for the pulse shaping and the synchronization can be repre-
sented by following equation:

ylnl = 3 ci -l +n) (1)
1=0

where z[n] is the input signal, ¢; is the filter coefficient, and
L is the filter length. The coefficient of the FIR filter is
typically an arbitrary number. However, in matched filter-
ing with the synchronization code sequence which consists
of 1 or -1, the multiplications shown in Equation (1) can be
simplified into conditional complements as follows:

—z[i +n], if ¢ =-1
z[i +n], otherwise

cim[i—f—n]:{ (2)

As shown in Figure 3, there exist two methods to im-
plement the computation pattern shown in Equation (1):

yin]

y[n]

(b) Transpose form

Figure 3: Two implementation methods for FIR fil-
ter

direct form and transpose form. Although they are func-
tionally identical, these two implementation methods have
different power costs.

There exist a lot of parallelism in the FIR filter. In Equa-
tion (1), the L multiplications for one output y[n] can be
performed in parallel. Furthermore, the multiplications for
other outputs y[n+1],...,y[n+k] also can be done in paral-
lel if resources are available. Despite such high parallelism,
the FIR filter requires only one new input data, x[n], to
produce a new output, y[n]. The characteristics of the FIR
filter vary according to the type of wireless network. The
range of the filter order L is 30~300 taps. These can be bro-
ken into 32-wide parallel chunks for SIMD processing. The
input data, x[n], and filter coeflicient, ¢;, are represented by
1~16 bits.

2.3.2 Sliding Window

The computation pattern of the sliding window operation
which is used for the frame detection can be represented as
follows:

n = Y P 3)

where P; ,, = z[i +n] - z[t + n — D], x[n] is the input signal
at time n, L is the correlation length, and D is the delay
between input signals. It is equivalent to auto-correlation
of z[n] with delay D and can be implemented with L mul-
tiplications and L — 1 additions per output. However, the
computation shown in Equation (3) can be further simplified
due to the following relation between outputs:

y[n] = y[n - 1] - PO,n—l + PL—l,n (4)

Because we can reuse the previously computed Py -1, the
operation shown in Equation (4) additionally requires only
one multiplication, addition, and subtraction for the gen-
eration of the next output. Therefore, the sliding window
operation can be classified as a scalar workload and imple-
mented by the scalar unit.

2.4 Processing Time of Idle Mode

In addition to the limited number of computation patterns
that have to be supported, the idle mode operation also has
more relaxed processing time requirements compared to that
of the active mode. To avoid buffer overflow, a baseband
processor must finish the operations on the current frame
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Figure 4: Architecture of the idle mode processor

for(i=0; i<Max_Sample; i++) {
for(j=0; j<Filter_Len; j++) y[i] += x[j+il=*c[j];

(a) C routine for the FIR filter with direct form

Loop: shift.v VR1 < VR1, (AR1)

mul.v VACC «— VR2, VR1
reduction.v (AR2) «— VACC
inc AR1, #1

inc AR2, #1

dec SR1, #1

jnz SR1, Loop

(b) Pseudo assembly routine for SIMD implementation

Loop: shift.v VR1 < VR1, (AR1++)
mul.v VACC « VR2, VR1
reduction.v (AR2++) « VACC | djnz SR1, Loop
(c) Pseudo assembly routine after applying automatic
address generation and loop control

Loop: reduction.v (AR2++)
—{mul.v VR2,{shift.v VR1, (AR1++)}} | djnz SR1, Loop
(d) Pseudo assembly routine after cascading arithmetic
units

Figure 5: FIR filter routine optimized for the SIMD
implementation, automatic address generation and
loop control, and cascading arithmetic units

before the next frame arrives. In the idle mode, the inter-
frame arrival time is longer than that of the active mode, by
at least an order of magnitude. Thus, it is important for the
idle mode processor to exploit the longer processing time for
power reduction.

3. PROCESSOR DESIGN

3.1 Overall Processor Architecture

At the top level, the idle mode processor consists of five
units as shown in Figure 4: SIMD unit, scalar unit, control
unit, memory unit, and system BUS interface unit. The
SIMD unit implements the FIR filter. The scalar unit imple-
ments unparallelizable workloads, including the sliding win-
dow. The memory unit stores operation data and program.
The system BUS interface unit is used to communicate with
other entities in the system, such as the analog front-end.
The control unit manages all the units; it includes hardware
address generators and hardware loop counter in addition
to conventional program counter, instruction decoder, and
control logic.

In order to explain the following high level design deci-
sions, we represent the FIR filter operation in ‘C’ and pseudo
assembly routines. As shown in Figure 5(a), the operation

of FIR filter consists of two loops: the inner loop consists of
operations for one output and the outer loop represents the
multiple iterations of the filter operation. Through the use
of the proposed hardware features, the ‘C’ routine shown in
Figure 5(a) can be simplified into a single line of assembly
routine as shown in Figure 5(d).

SIMD unit: The SIMD architecture is appropriate for the
inner loop operation shown in Figure 5(a). The inner loop
operation consists of identical computations with regular
operand access patterns. The SIMD architecture is power
efficient; the parallel execution of the computations of the in-
ner loop helps reduce operations frequency and this directly
translates to dynamic power reduction. The hardware com-
plexity needed to provide operands to the SIMD datapath is
low. This is because the inner loop operation is a single in-
put and single output system, which can be implemented by
a low power single port memory. Figure 5(b) describes the
corresponding pseudo assembly routine that can be mapped
to the SIMD architecture.

Control unit: The hardware address generators and loop
controller in the control unit maximize the utilization of
SIMD unit. As shown in Figure 5(b), only three out of the
seven instructions are SIMD instructions. The other scalar
instructions are related to address generation and loop con-
trol. Fortunately, the FIR filter operation has regular data
memory access pattern. So, it is possible to automate the
address generation without significant overhead. Because
the FIR filter is single input — single output systems, two
address generation units are sufficient, one for input data
and the other for output data. The two loop control re-
lated instructions can also be automated easily by using
decrementing counter and zero detection logic. The result
of deploying automatic address generation and loop control
is shown in Figure 5(c). In this routine, ‘djnz’ stands for
decrease and then jump if the decrement result is not zero.

Scalar unit: To support the sequential workload, the idle
mode processor consists of a scalar unit as well. Because
the workload assigned to the scalar unit is control inten-
sive and also includes computations such as multiplication,
division, and logical operations, a conventional low power
general purpose processor is a suitable choice. A multiplica-
tion and accumulation (MAC) unit is useful for minimizing
the operation cycle of the scalar unit.

Memory unit: The memory unit consists of data and in-
struction memories. We estimated that 100 Kbytes data
memory and 100 Kbytes instruction memory are sufficient
for idle mode operation. To reduce power consumption,
memories are divided into smaller sub-banks. Such a struc-
ture significantly reduces the dynamic power, because only
one sub-bank is activated during read or write. Although
sub-banking demands more silicon area, we use this scheme
because power reduction is crucial in the idle mode proces-
sor. In addition, for further power reduction, each sub-bank
is implemented with a single port memory. Data is dis-
tributed among the sub-banks in a way such that data read
and write can be done in parallel.

System BUS interface unit: Because the idle mode pro-
cessor is part of the wireless terminal, an interface with
the system BUS is essential. According to our previous
work [12], a low speed BUS is enough for the baseband
processor, because communication rate between kernel al-
gorithms is quite low. A client logic of advanced micropro-
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Figure 6: Two implementation methods of SIMD
datapath

cessor bus architecture (AMBA) bus is a typical example of
a system BUS interface unit.

3.2 Detailed Design of SIMD Datapath

Direct form SIMD datapath: As discussed before, the
FIR filter can be implemented in two ways. Figure 6 depicts
the detailed structures of the SIMD datapath based on both
the direct form and the transpose form. According to the
dynamic power analysis in Section 4, the direct form SIMD
datapath has about 20% better power performance. Thus,
the SIMD datapath is implemented with the direct form.

Cascading arithmetic units: As shown in Figure 6(a),
the second design decision on the SIMD datapath is to cas-
cade arithmetic units such as the adder and multiplier so
that the temporary results do not have to be stored in a
register file. This is motivated by the fact that accessing
the register file is power expensive. Generally cascading of
the arithmetic units limits system flexibility, a feature which
is important for the SDR system. However, the limited flex-
ibility is not a problem in the idle mode processor, because
the SIMD datapath with cascaded function units is flexible
enough to cope with many varieties of FIR filter operations,
which can appear at the idle mode operation of wireless pro-
tocols.

Pipelining: The SIMD datapath has three pipeline stages:
read, execution-1, and execution-2. The idle mode workload
is suitable for pipelining, because it can fully utilize the
pipeline by repeating identical computations many times.
For instance, in Figure 5(a), the inner loop operation is re-
peated for each input sample (Max_Sample times). Due to
the absence of data dependencies, no data forwarding path is
required. So, the SIMD datapath can be pipelined by simply
inserting flip flops between pipeline stages. Although these
flip flops contribute additional power, this can not be more
than the power reduction achieved from operating at a lower
frequency and by the preventing of glitch propagation.

4. EXPERIMENT AND ANALYSIS

Methodology: We validated the functional correctness of
the proposed idle mode processor architecture with a Ver-
ilog model. For power evaluation, we synthesized it using
the TSMC13 library based on 0.13 micron technology. We
estimated the dynamic power of the proposed processor at
the gate level with the help of the commercial power evalu-
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Figure 7: Normalized average dynamic power of
SIMD datpaths: direct form vs. transpose form

ation tool, Synopsys’ PrimePower. For memory generation,
we used Artisan’s memory compiler.

System configuration for experiment: We assumed
that the SIMD width is 32. We used this number for compat-
ibility with our SDR processor for active mode [4]. In gen-
eral, the optimal SIMD width depends on design constraints
such as silicon area and the type of silicon processing tech-
nology. Also, the W-CDMA was chosen as the application
for the experiment since it has the most complex idle mode
operation scenario. The implemented idle mode operation
of the W-CDMA terminal was based on [13].

Minimum operation frequency estimation: In the mea-
surement of dynamic power, the allowed minimum operation
frequency is an important parameter. Although the length
of the awake period is one of the design parameters, we as-
sume it to be 30 msec: 27 msec for the cell searching and
3 msec for the control message decoding. From the behav-
ioral model, we extracted the cycle count for idle mode op-
eration. We used the allowed operation time and the cycle
count to calculate the minimal operation frequency of the
idle mode processor. For our design, the minimum frequency
was about 36Mhz but we assumed it to be 50Mhz (adding
about a 30% margin) for the dynamic power calculations.

Direct form vs. transpose form: Figure 7 shows the
normalized average dynamic power of the SIMD datapaths
based on the direct form and transpose form. It shows that
the direct form implementation is about 20% more power
efficient. This power efficiency comes from the absence of a
vector accumulator (VACC) which stores the partial opera-
tion results in the direct form implementation. As show in
Figure 3, the direct form stores input data having lower data
precision whereas the transpose form stores partial compu-
tation results with higher data precision. Because a stor-
age element requires more power compared to other logic
elements, the VACC results in the transpose form SIMD
datapath consuming higher power.

System dynamic power: Table 1 shows the dynamic
power consumption of the idle mode processor. The most
power consumer is the data memory. Although we applied
memory sub-banking to reduce power, the data memory still
dissipates about 43% of the total power. This is because
the data memory is heavily accessed in most operations of
the idle mode processor. The power consumption of the in-
struction memory is about one fifth the amount of the data
memory, because it is only accessed for instruction reads by
the control unit. The SIMD unit still consumes significant



Peak | Average

Units Subblocks Power Power Area

@mW) | mW) | (%)

V.Mult 13.68 1.80 10.49

SIMD V.Comp 2.24 0.24 1.96

V.Reduction 3.80 1.21 2.31

V.Regs 0.90 0.38 1.96

Scalar ALU 1.21 0.70 0.83

Regs 0.53 0.31 0.07

Control | Address gen. 0.16 0.13 0.24

Loop control 0.12 0.12 0.09

Ctrl. logic 0.22 0.13 0.52

Memory | I-mem 0.85 0.49 37.88

D-mem 3.93 3.32 43.29
| BUS I/F [ BUS I/F H 0.16 [ 0.04 [ 0.02 ‘
l Total [ (rounded) “ — [ ImW [ 22mm? ‘
Table 1: Idle mode processor: Dynamic power

@(50Mhz, 1.08V) of each block during idle mode
operation for the W-CDMA terminal, and area of
each block

power (41%) even though we designed it with several low
power techniques which are optimal for the idle mode opera-
tions. Thus, if we made the SIMD unit more programmable
to support the algorithms in the active mode, the energy
efficiency of the idle mode processor will be degraded sub-
stantially. Although the peak power of the vector multiplier
is very high, its average is only 20% of total power. This
is because the activation time of the vector multiplier is
10% of total operation time. Note that the vector multiplier
only participates in the pulse shaping operation. The power
overhead of the vector reduction logic is almost equivalent
to that of the vector multiplier in average, because it is ac-
tive throughout entire vector operation including the pulse
shaping and the synchronization. The dynamic power of
the scalar, control, and system BUS interface units is not
substantial, approximately 16% of total power.

Table 1 also describes the area of each component. The
scalar unit, the control unit, and the system BUS interface
unit occupy negligible area (2.2%) compared to the SIMD
unit (16.7%). However, the majority of the area (81%) is
occupied by memories. Note that their sizes are likely to be
determined by the overall SDR operation and not just the
idle mode operation.

Further power reduction: The dynamic control of operand
precision is an effective way for reducing power. This is be-
cause the operand precision varies across different wireless
protocols even for the same operation. The dynamic control
of operand precision directly affects the power consumption
of dominating blocks. Second, use of low power implementa-
tion would result in additional power reduction. The current
implementation only relies on a synthesis tool and memory
compiler. Finally, synthesis of the processor in 90nm tech-
nology will help in achieving further power reduction.

5. CONCLUSION

In this paper we proposed a hardware platform for reduc-
ing the power consumption during idle mode operation of a
SDR terminal. Our workload analysis showed that the idle

mode operation consists of a substantial amount of compu-
tations with simple SIMD parallelism, and a much smaller
amount of control intensive sequential computation. Fur-
thermore, although a wide variety of operations are per-
formed in the idle mode, two computation kernels, namely,
FIR filtering and sliding window, account for 80% of the
computations in the idle mode. Based on this analysis, we
proposed an architecture for the baseband processor that
consists of three sub-units: 1) an SIMD unit for the parallel
workload; 2) a scalar unit for the sequential workload; and
3) a control unit having hardware address generation and
loop control. The use of a specialized SIMD unit for the
dominant computations, and a fully programmable scalar
unit for control intensive sequential operations resulted in a
power efficient architecture for the idle mode processor. We
estimated that the architecture, when synthesized in 0.13
micron technology, could consume about 9mW at 1.08V.
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