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Abstract 

I n  this paper, we first present a pipelined delayed 
least mean square (DLMS) adaptive filter architecture 
whose power dissipation meets a specified budget. This 
low-power architecture exploits the parallelism in the 
DLMS algorithm to meet the required computational 
throughput. The architecture exhibits a novel trade- 
off between algorithmic performance and power dissipa- 
tion. This architecture is then extended to derive a con- 
figurable processor array (CPA), which is configurable 
for filter order, sample period and power reduction fac- 
tor. The hardware overhead incurred f o r  configurability 
is  minimal. 

1. Introduction 

The least mean squares (LMS) adaptive filtering al- 
gorithm used in a broad range of engineering appli- 
cations is not amenable to  pipelining [l], a technique 
indispensable in the design of low-power or high-speed 
architectures [2]. The problem stems from the absence 
of a sufficient number of delays (registers) in the er- 
ror feedback loop which provides the filter’s prediction 
error to  all the taps in order to  update the filter coef- 
ficients. 

The use of delayed coefficient adaptation in the LMS 
algorithm [l] has been an important contribution to- 
wards developing pipelined LMS adaptive filter archi- 
tectures. The basic idea is to update the filter coef- 
ficients using a delayed value of the error, which pro- 
vides the required registers in the error feedback loop 
to pipeline the filter architecture. However, as has 
been documented in [l], the convergence speed of the 
delayed least mean squares (DLMS) adaptive filtering 
algorithm degrades progressively with increase in the 
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adaptation delay. This is of particular concern in a 
non-stationary environment as it could lead to  a loss 
of tracking capability. Long et.al [l] therefore recom- 
mend that “every effort should still be made to  keep 
the delay as small as possible if it is not avoidable”. 

Based on the DLMS algorithm, many researchers 
have proposed pipelined architectures [3-51. The ar- 
chitecture reported in [5] uses significantly fewer adap- 
tation delays compared with other existing architec- 
tures, thus resulting in superior convergence speed. We 
in this paper, use this architecture to  derive a low- 
power CMOS configurable processor array (CPA) for 
DLMS adaptive filtering. Towards this end, we extend 
the synthesis procedure reported in [5] to synthesize 
pipelined architectures with minimal adaptation delay 
subject to a power constraint. In order to  meet the 
given power constraint, the supply voltage is treated 
as a free variable. The resulting low-power architec- 
ture exploits the parallelism in the DLMS algorithm 
to meet the required computational throughput. An 
interesting and novel tradeoff between algorithmic per- 
formance and power dissipation is exhibited by this 
architecture. This tradeoff is illustrated through a sys- 
tem identification example. 

Based on the low-power architecture which is de- 
signed for a specific filter order ( N ) ,  sample period 
(T,), and power reduction factor (p), we derive a CPA 
configurable for N ,  T, and p. Both, the programmable 
clock frequency required for the configurability of the 
CPA, and the variable power supply needed to  meet 
the required power reduction, are realized by a phase 
locked loop based design [SI. The CPA has minimal 
hardware overhead for the configurability and hence 
will not dissipate significantly more power than the 
corresponding hard-wired array for a given N ,  T, and 
p. The CPA has two phases of operation viz., the 
configure phase - wherein the processor array is pro- 
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Figure 1. Pipelined DLMS Architecture. 

grammed for a specific N ,  T, and p, and the execution 
phase - wherein the processor array performs the de- 
sired DLMS adaptive filtering operation. 

The organization of the paper is as follows. Section 2 
reviews the pipelined DLMS architecture with minimal 
adaptation delay reported in [5]. In Section 3, we ex- 
tend the synthesis methodology of [5] to incorporate a 
power constraint. We also discuss the novel tradeoff b e  
tween algorithmic performance and power dissipation 
exhibited by the resulting low-power architecture, and 
substantiate this tradeoff through a system identifica- 
tion example. This low-power architecture is designed 
for a specific N, T, and /3. In Section 4, we extend this 
design to realize a processor array configurable for N ,  
T, and /3. We summarize the work in Section 5 .  

2. Pipelined DLMS Architecture 

The pipelined architecture shown in Fig. 1 is derived 
by applying a sequence of function preserving transfor- 

mations (its described in [5 ] )  on the standard signal 
flow graph representation of the DLMS adaptive filter- 
ing algorithm. In the figure, p represents the step-size, 
and z, y and d are respectively, the input, the output 
and the desired response of an N-th order adaptive fil- 
ter. Further, m and 1 are respectively, the number of 
pipeline registers for a multiplier and a multiplier fol- 
lowed by an adder tree of depth [log, M I .  Following 
the standa,rd notation, the pipeline registers are shown 
at the output of the arithmetic units. M is chosen such 
that, the broadcast delay of the M fan-out lines in the 
error-broadcast-path is less than the critical path delay 
(Tc,it) of tlhe architecture. The precise expressions for 
d l ,  - - , d4 in Fig. 1 are available in [7]. 

The circular systolic array shown in Fig. 1 consists of 
a boundary processor module (BPM) and L (= &) 
folded processor modules (FPMs), where P indicates 
the number of computations performed by an FPM in 
any given sample period T,. For ease of exposition we 
shall assume throughout this paper that N is a multiple 
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of M P .  The extension of the architecture to  the more 
general case of arbitrary N ,  is straightforward and is 
available in [7]. 

The critical path of the architecture consists of an 
adder and a 2-to-1 multiplexer as indicated in Fig. 1 .  
Since the multiplexer delay is negligible compared with 
an adder delay, Tcrit M Tar where Ta indicates the delay 
of an adder. The clock period T, is matched to Tcrit, 
hence 

T.9 and T, = - P 

The precise definitions of the various multiplexers are 
available in [7].  The expression for the adaptation de- 
lay ( D A )  and the holdup delay (DH) are given as fol- 
lows [5]: 

DH (4) 

Since, minimizing the adaptation delay (DA)  di- 
rectly contributes to  improved algorithmic perfor- 
mance (convergence speed) [l], it is beneficial to  min- 
imize DA.  However, we show in the following section 
that DA is a monotonically decreasing function of the 
supply voltage V. This brings about a novel tradeoff 
between algorithmic performance and power dissipa- 
tion. 

3. Algorithmic Performance vs. Power 
Dissipation 

We first establish the relationship between the a d a p  
tation delay DA and the supply voltage V .  Towards 
this end, we require the following expression for the 
critical path delay (T,,it) in CMOS technology [a] ,  

(5) 

where, C is the capacitive load of the critical path, 5 
and VT are device level model parameters and V is the 
supply voltage. 

As we know from [ l ] ,  minimizing the adaptation de- 
lay directly contributes to improved algorithmic perfor- 
mance. However, for a given N and Tal decreasing DA 

(from (3); m, I and M are co- increasing P 
nstants for a given critical path) 

decreasing Tcrit (from (1)) 

increasing V (from (5)) 

Thus, DA is a monotonically decreasing function of 
the supply voltage V. In other words, the minimum 
adaptation delay solution needs maximum supply volt- 
age (say Vmax). Further, the critical path delay corre- 
sponding to  the supply voltage Vmax is given by 

C Vmax Tcrit(Vmax) = (Vmax - V T ) ~  

We now derive the expression for power dissipation 
as a function of the supply voltage and the algorithm 
specifications. In CMOS technology [2]  , 

Power Dissipation 

c e f f  V2 fc 
where, Cerp is the effective switched capacitan- 
ce of the realization and fc = 1 is the clock 
frequency 

( 4 
( ( 2 L M ) ( c M  + CA)) v2 ( P  fs) 
where, CM and CA are the effective switched 
capacitance of a multiplier and an adder 
respectively (for ease of exposition, we neglect 
the power dissipated by the control circuitry 
and the boundary processor module) 

In (7), for the given algorithm specifications and tech- 
nology, the only free variable is the supply voltage V. 
Thus, the architecture corresponding to  the minimum 
adaptation delay solution, dissipates the peak power of 

We now synthesize low-power architectures by treat- 
ing the supply voltage V as a free variable and us- 
ing parallelism to meet the required computational 
throughput 121. Towards synthesizing the architecture 
under a power constraint, let us define the power re- 
duction factor 0 as: 

2N(CM + CA)VAaxfs. 

Desired Power Dissipation 
= Peak Power Dissipation 

(8)  
V2 
VZax (From (7)) - -  - 

Note that, /? equals 1 for the minimum adaptation de- 
lay solution. The supply voltage V for the architec- 
ture which meets the given /3 (< 1 )  can be calculated 
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Metric 

V 
P 

D A  

This Work Previous 
/3 = 1 p = 0.25 Work [4] 

3.3 volts 1.65 volts 3.3 volts 
8 2 1 
4 16 64 

DH 
# of M'pliers 

Table 1. Comparison Table. 

1 3 64 
17 65 129 

from (8). Further, from (5) and (6), the critical path 
delay for the supply voltage V is given by 

# of Adders 
# of Ftegisters 
# of Muxes 

(9) 
Hence from (l), the required value of P can be ob- 
tained. The number of required FPMs can now be 
obtained as L = -&. Since we use parallelism to re- 
duce power, for any given power reduction factor p, 
we need more number of FPMs than compared with 
the minimum DA solution. Further note that, for any 
/3 < 1, the adaptation delay increases because P de- 
creases. This brings about the interesting tradeoff be- 
tween algorithmic performance and power dissipation. 
This tradeoff is illustrated through a system identifica- 
tion example described below. 

17 65 129 
307 513 571 
8 32 0 

System Identification Example: The task is to  identify 
the coefficients of a linear-phase FIR filter of order 64 
by using a DLMS adaptive filter of the same order. The 
input, whose sample period is 80ns, is a 90-th order 
moving average source of unit power. The measure- 
ment noise is an independent additive zero-mean white 
noise of power lop6. The critical path delay at the 
peak supply voltage (Vmas) of 3.3 volts and threshold 
voltage (VT) of 0.6 volt is assumed to be 10ns. Further, 
let m = 4 , 1 =  6 and M = 4. 

Table 1 highlights the two cases of this work, namely 
the synthesis solution without power constraint (p  = 1) 
and the synthesis solution with a power constraint 
/3 = 0.25, for various metrics. Note that, the synthesis 
solution with a power constraint uses extra hardware 
in order to  achieve the power reduction. Further, the 
adaptation delay is more than the minimum adapta- 
tion delay solution (or synthesis solution without power 
constraint). 

Fig. 2 shows the simulation results obtained using 

Figure 2. Convergence Plots. 

SIMULINEC [SI with DA = 4 and DH = 1 (minimum 
D A  solution or fast convergence solution) and DA = 16 
and DH = 3 (synthesis solution with power constraint 
or low-power solution). SIMULINK provides cycle true 
simulation and thus the architecture is verified at the 
RTL level itnd hence can be easily synthesized onto sil- 
icon. For each plot, the step-size was chosen to get a 
critically damped convergence of the mean squared er- 
ror for a fixed misadjustment of 30%. The ideal LMS 
convergence plot (ie., DA = DH = 0)  is shown for ref- 
erence. It is clear from Fig. 2 that algorithmic perfor- 
mance (namely convergence speed) is traded for power. 

Also note that, in the same plot, the performance of 
the architecture reported in [4] is shown. The conver- 
gence speed of this architecture operating at the max- 
imum supply voltage V,,, and hence dissipating the 
peak power of ~ N ( C M  + CA)V:~~.~, is significantly 
worse than that of the low-power solution of this work. 
Further, note the shift in the convergence plot of [4] 
due to  the large holdup delay which is a function of 
the filter order. Table 1 further highlights the signif- 
icant imprlovement of this work compared with [4] for 
various metrics. 

It is interesting to note the impact of the following 
delay model, described in [9] for sub-micron CMOS 
technology, on the tradeoff between algorithmic per- 
formance and power dissipation: 

where, a ranges between 1 and 2. For example, in a 
0.6pm CMOS technology [lo] wherein a = 1.6, DA 
and DH for the low-power solution are 12 and 2 re- 
spectively. This would then imply that, the degrada- 
tion in the convergence speed for the low-power solu- 
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Figure 3. Configurabie Processor Array. 

tion (p  = 0.25) with respect to  the fast convergence 
solution (p  = 1) is less for (Y = 1.6 than for (Y = 2. U 

Note that, since (8) and (9) are simple high level 
equations, the precise power reduction in an actual 
implementation may be some what different from p. 
Nevertheless, it is significant that such a tradeoff can 
be made at the highest level of abstraction viz., the 
algorithmic level. 

4. Configurable Processor Array 

In this section, we describe a low-power configurable 
processor array (CPA) for DLMS adaptive filtering, 
configurable for filter order N ,  sample period T, and 
power reduction factor p. We see from the previous 
section, that the low-power architecture for a given N ,  
T, and p is precisely specified by the values of P, L 
and V .  Hence, the low-power CPA should be made 
programmable for P, L and V .  In other words, the 

0 

- 0  

number of FPMs, the delay lines, the control for multi- 
plexers, and the clock frequency and the supply voltage 
should be made programmable. 

We conceive of a CPA having Lmax FPMs. 
Since, the number of FPMs used (L 5 Lmax) is pro- 
grammable, the error input (refer Fig. 1) should be 
broadcast to  each of the LmaX FPMs separately. But, 
this would distort the systolic nature of the architec- 
ture. This is overcome by introducing a register and a 
2-to-1 multiplexer in each FPM (refer Mux-V in Fig. 3), 
at a minimal cost of a few adaptation delays. This 
then results in a CPA which is a linear systolic array 
as shown in Fig. 3. In order to  incorporate the above 
change, mux-I in each FPM (refer Fig. 3) is now a 3- 
to-1 multiplexer. The precise multiplexer definitions 
are available in [7]. The adaptation delay required by 
this linear systolic array for a specified N ,  T, and /3 
is given by the expression DA = + [2m+y+L1. 
Note that, this value of DA is marginally more than 
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that given by (3). The (Lmaz - L)  unused FPMs are 
powered down to minimize power dissipation [2]. 

The delay lines in the CPA which are a function 
of P,  are indicated by an arrow across them (refer 
Fig. 3). Since P is programmable, each of these delay 
lines have to  be replaced by programmable delay lines. 
Further, the multiplexers except mux-V in the CPA 
are P-periodic. Hence the control for these multiplex- 
ers should be programmable. These can be achieved by 
straightforward design procedures, the details of which 
are available in [ll]. 

Exactly like in the case of the CPA for an FIR fil- 
ter [ll], we require a programmable clock (T, = 3) 
and a programmable power supply. This can be 
achieved by a phase-locked-loop (PLL) based design [6] 
as described in [ll]. The operation of the CPA con- 
sists of two phases viz., the configure-phase and the 
execution-phase. During the configurephase of the 
processor array, the various configurable elements are 
programmed. During the execution-phase, the desired 
DLMS adaptive filtering operation is performed. Note 
that, the hardware overhead for configurability is min- 
imal. This leads us to  conclude that, for a given N ,  
T, and p, the CPA will not dissipate significantly more 
power than the corresponding hard-wired array. 

5. Conclusion 

We have presented a low-power pipelined DLMS 
adaptive filter architecture which exhibits a novel 
tradeoff between algorithmic performance and power 
dissipation. This architecture exploits the parallelism 
in the DLMS algorithm to meet the required computa- 
tional throughput. It was shown that this use of par- 
allelism to  reduce power results in an increase in the 
adaptation delay, thereby creating a tradeoff between 
algorithmic convergence speed and the power reduc- 
tion factor. This tradeoff was illustrated with a system 
identification example. 

A processor array configurable for filter order, sam- 
ple period and power reduction factor, was derived 
from the low-power architecture. Since the CPA has 
minimal control overhead, it is expected that it will 
not dissipate significantly more power than the corre- 
sponding hard-wired counterpart. 
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