
 
Lecture 19: 
SloMo: Down-clocking WiFi"

CSE 222A: Computer Communication Networks 
Alex C. Snoeren           

Thanks: Feng Lu 



●  Researchers report that active WiFi radios can 
consume up to 70% of a smartphone’s energy 

●  Consumers are complaining about battery life 
◆  iPhone 4S had some particularly bad press 

●  But commercial chipsets have efficient sleep 
◆  E.g., from 1114mW to 16mW when in sleep mode 

●  What’s wrong with this picture? 
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●  Current power saving techniques are based on 
duty-cycling the WiFi radio 
◆  Place WiFi device in a sleep mode when not in use 
◆  Wake up occasionally to send or receive data 

●  Not applicable for applications with persistent 
demands 
◆  Wake-up intervals are on the order of 100s of ms 
◆  VoIP sends packets every 10-20 ms! 
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●  Our observation: frequent demand is not the 
same thing as high demand 
◆  E.g., VoIP is a very low data-rate protocol 
◆  and WiFi link speeds are only getting faster 

●  Goal of our efforts: power-proportional WiFi 
◆  The radio should consume power in relation to the 

amount of data transmitted or received 
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●  The power consumption of all CMOS devices is 
proportional to clock rate and voltage 

●  CPU manufacturers have included support for 
DVFS for years 
◆  Decrease clock rate, lower voltage == less power! 

Clock rate 25% 50% 100% 
Idle 640 mW 780 mW 1200 mW 
RX 980 mW 1440 mW 1600 mW 
TX 1210 mW 1460 mW 1710 mW 
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Sample WiFi Architecture"

●  The entire chipset is clocked according to the sampling 
frequency 
◆  Clock rate governs en/decoding rates 

6"

RF Switch 

Rx 

Tx 
LNA 

PA 
Baseband 

Logic 

Frequency Synthesizers 

BB Filter 
Rx Radio 

Tx Radio 

DAC 
ADC 

Figure 1: A simplified WiFi card architecture.

3 Motivation

As wireless link speeds continue to increase, mobile de-
vices are increasingly likely to want to use only a small
fraction of the channel capacity. With WiFi, however,
use of the network is an all-or-nothing affair in terms of
power: if a transceiver is not fully powered, no data can
be sent or received.

3.1 The potential of downclocking

The power consumption of a CMOS computing device
is proportional to its clock rate [25]. Not surprisingly,
dynamic frequency scaling (DFS) has long been used
as a technique to save power in a variety of computing
domains [36]. Fundamentally, the same rules apply to
wireless transceivers: downclocking the radio hardware
can result in significant power savings. The challenge
in downclocking radio equipment, however, is that the
Nyquist theorem dictates that to successfully receive a
signal, the receiver must sample the channel at twice the
bandwidth of the signal [30]. In practice, today’s WiFi
devices are designed in such a way that the frequency of
the entire radio pipeline is gated by the sampling rate.

Figure 1 shows a typical WiFi transceiver architecture.
The analog baseband signal is first processed by a base-
band filter to confine the signal to the desired band. It
is then sampled by an analog-to-digital converter (ADC)
and data samples are passed to the baseband proces-
sor, which decodes the signal and uploads the recovered
frame to the host. The entire radio card is driven by
a common crystal oscillator, which feeds the frequency
synthesizer and the phase locked loop (PLL). The fre-
quency synthesizer generates the center frequency for
RF operation while the PLL serves as the clock source
for the ADC and baseband processor. For a 22-MHz
802.11b channel, the radio runs at 44 MHz (or faster).

As a result, the channel sampling rate directly de-
termines the permissible clocking rate—and power
consumption—of the WiFi card. Previous studies have
shown that the power consumption of popular WiFi
chipsets (e.g., from Atheros and Netgear) does indeed
vary with frequency [6, 39], although the precise rela-
tionship depends on what the device is doing (sending
frames, receiving frames, or idling) and differs across
chipsets. As an example, Table 1 shows the reported en-
ergy consumption of a popular WiFi chipset while oper-
ating at various clock rates [39].

Not surprisingly, the power savings are sub-linear
(40% savings while receiving packets at a 25% clock

Clock rate 25% 50% Full rate

Idle 640 mW 780 mW 1200 mW

Rx 980 mW 1440 mW 1600 mW

Tx 1210 mW 1460 mW 1710 mW

Table 1: Power draw of the Atheros 5414 WiFi chipset in the

LinkSys WPC55AG NIC at various clock rates [39].

rate), but they are still substantial. However, current de-
vices were not designed to be downclocked. Hence, it is
unlikely they are optimized to be power-efficient at fre-
quencies other than their target operating point.

3.2 Downclocked transmission

It is not obvious that downclocking a radio would be ben-
eficial while transmitting data: the lower the data rate,
the longer the transmission takes. Hence, in theory one
should transmit as fast as possible and place the radio
back into low-power mode as soon as transmission is
complete. Alternatively, one could realize similar sav-
ings by transmitting at a low data rate and scaling back
the transmission power. These approaches, however, pre-
sume that the frequency and/or power of the transceiver
can be adjusted efficiently.

Moreover, even if the device only receives data, the
802.11 specification requires that it transmit an ACK
frame to confirm receipt of the data frame—and the
ACK frame must be sent within a strict, 20-µs inter-
frame time (SIFS). As with reception, Nyquist requires
that the transceiver operate at twice the signal bandwidth
to transmit the standard Barker sequence. While some
chipsets, such as the MAXIM 2831, are able to switch
back to full clock rate in time to transmit an ACK frame,
others take substantially longer (e.g., an Atheros 5414
takes roughly 125 µs to switch clock rates [39]). In such
cases, to realize the benefits of downclocked reception,
the transceiver needs to transmit at a slower clock rate an
ACK frame that a standard-compliant WiFi transmitter
will accept. (The Rx power draws in Table 1 assume the
device remains downclocked for ACK transmissions.)

The potential benefits of downclocked transmission go
even further when considering the energy spent on clear
channel assessment (CCA) when a node attempts to gain
access to the channel. Previous studies have shown that
CCA is the dominant power drain when there is a high
contention level in the network [18, 39]. Most commer-
cial WiFi chipsets implement the carrier sensing com-
ponent of CCA, i.e., determining whether the channel is
free, using energy detection, which can be conducted at
virtually any clock rate. Moreover, modern WiFi cards
seem to be more power proportional when in this so-
called idle listening state. As shown in Table 1, the mea-
sured Atheros chipset consumes 47% less power in idle
listening mode when downclocked by a factor of 4.

3
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●  Sampling at the correct rate (2f) yields actual signal 
◆  Always assume lowest-frequency wave that fits samples 

 

●  Sampling too slowly yields aliases 
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Nyquist likes it fast"
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●  Recent theoretical advances allow us to cheat 
◆  Nyquist is true, but what if the information rate is 

much lower than the signaling rate? 
◆  I.e., only sending 1 Mbps bit rate on a channel that 

could support much higher 

●  Tropp et al. show how to decode signals with 
low sampling rates 
◆  Assumes signal is sparse in the frequency domain 

8"
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●  Used by 802.11b to encode 1 and 2 Mbps 
◆  Bits are encoded with BPSK/QPSK, respectively 
◆  Scrambled (XORed) to avoid runs of 1s or 0s 
◆  Shaped to conform to 22-MHz channel width 

●  Each bit is spread w/11-chip Barker sequence 
◆  I.e., the signal is 11x sparse w.r.t. the broadband 
◆  We may be able to decode while subsampling 

Scrambler Modulation Spreading Pulse 
shaping 

Figure 2: A typical 802.11b baseband processing Tx chain

pertinent information. If it receives a request from a node
to move into downclocked mode (we discuss such a mech-
anism in Section 4.4.1) and determines the impact on other
nodes is unacceptable, it can simply reject it. We expect an
AP could utilize directly available measurements, such as
backlogged queue length and contention window size, as a
way to determine whether to accept a downclocking request.

4. DOWNCLOCKED 802.11B
In this section we describe the design of SloMo, our pro-

totype downclocked radio for 802.11b. SloMo can fully in-
teroperate with standard-compliant WiFi devices at both 1-
and 2-Mbps DSSS rates.

4.1 Reception
Our receiver design is based upon an observation that the

process of direct-sequence spread spectrum (DSSS) modu-
lation, as employed by the 802.11b standard, bares a great
similarity to a recently proposed compressive sensing (CS)
decoding scheme. DSSS and complementary code keying
(CCK) are the two modulation techniques specified in the
IEEE 802.11b standard. When the data rate is 1 or 2 Mbps,
only DSSS modulation is employed. The difference between
the 1- and 2-Mbps encodings lies in whether the quadrature
component of the carrier frequency is used: they employ bi-
nary phase shift keying (BPSK) and quadrature phase shift
keying (QPSK), respectively. To ease our explanation, we
will focus our discussion on the 1-Mbps BPSK scenario; the
methods can be similarly applied to 2-Mbps QPSK encoding
as we will demonstrate.
In their recent breakthrough, Tropp et al. observe that it

is possible to employ compressive sending to decode digital
signals while sampling at rates far below the Nyquist rate,
provided the signal is sparse in the frequency domain [27].
Their approach mixes the sparse signal they wish to decode
with a high-rate chip sequence to spread its signal band.
They show that in many cases the information contained in
a sub-band of the resulting spread signal turns out to be suf-
ficient for recovering the original signal.
DSSS modulation is analogous to the first stage of this

process: the baseband signal is also spread over a wide range
of bandwidth. Though the spreading in 802.11b is designed
to increase the signal to noise ratio (SNR) at the receiver, it
also provides the opportunity to apply compressive sensing
by only looking at part of the band when SNR is not an issue.

4.1.1 DSSS modulation
The transmitter chain of a standard 802.11b implemen-

tation can be summarized by Figure 2. The data is ini-

tially “scrambled” by XORing it with a fixed pseudo-random
sequence—to avoid long runs of ones or zeros—before be-
ing modulated (using BPSK in the 1 Mbps case). The mod-
ulated baseband signal is then “spread” by replacing each bit
with an 11-chip Barker sequence to expand the signal. The
spreading process serves several purposes. First, it enlarges
the spectrum of the original baseband signal by 11× to make
it more robust to channel noise. Secondly, due to the unique
properties of a Barker sequence, it enables the receiver to
more easily synchronize with the transmitted signal. In par-
ticular, a Barker sequence has low auto-correlation except
when precisely aligned with itself, so receivers can easily
determine when they have correctly synchronized with the
incoming chip sequence.
Mathematically, one can consider the DSSS spreading

process as computing an 11-chip signal,C, for each bit as

C = M · bi,

where bi is a 2 × 1 sparse vector (b1 = [0 1]T corresponds
to a 1 and b0 = [1 0]T for a 0), and the Barker sequenceM
is given by

M =

!

+1− 1 + 1 + 1− 1 + 1 + 1 + 1− 1− 1− 1
−1 + 1− 1− 1 + 1− 1− 1− 1 + 1 + 1 + 1

"T

Note that the two rows of M are simply inverses of each
other; hence, both Barker sequences have identical auto-
correlation magnitudes—they just result in either positive or
negative correlation.
Subsequently, the pulse shaping stage ensures that the re-

sulting signal spectrum shape conforms to the IEEE 802.11b
specification. In particular, the shaped signal has a band-
width of 22 MHz; therefore, a minimum sampling rate of
44MHz is required to meet the Nyquist sampling criteria at
the receiver side.
Conversely, Figure 3 presents a high-level description of

an 802.11b receiver baseband processing chain. A matched
filter is used to recover the chip values. In particular, the
matched filter correlates the incoming chip samples with the
Barker sequence to locate where the bit boundary is, i.e.,
the first chip in the bit. Once the signal is synchronized,
it is sampled every chip time. Therefore, over the course
of a single bit duration, 11 sample values will be collected
corresponding to the 11-chip Barker sequence. This chip
sequence is “de-spread” by once again correlating it with the
Barker sequence to determine whether a 1 or 0 was encoded,
resulting in (hopefully) the original 1-Mbps bit stream which
is then de-scrambled by XORing with the same scrambler
sequence.

5
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●  Sample each bit less often than 11 times 
◆  Means we won’t see individual “chips” 
◆  Instead we can “integrate and dump” samples of multiple chips 
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Figure 3: Baseband processing Rx chain

4.1.2 Compressive sensing
We implement compressive sensing using an integrate-

and-dump sampler as suggested by Tropp et al. [27]. We
extend the match filter by introducing an integrate-and-dump
stage, which accumulates the output from the matched filter
for multiple chip durations, allowing for a lower sampling
rate than the standard 11 MHz. The radio can then be down-
clocked appropriately to achieve a desired compression ra-
tio: sampling is performed on the accumulated output (as
opposed to each chip) and the discrete samples—which con-
tain multiple chips—are fed to the rest of the receiver chain.
We can formalize the DSSS sampling process described

in the previous subsection as extracting a sampled signal Y
from the received signal, C̃ (which is the transmitted DSSS
signal C encoded as described above but distorted by the
channel), with the diagonal sampling matrixH:

Y = HC̃. (1)

In a standard receiver operating at full clock rate, H is an
11×11 identity matrix which simply samples each chip ex-
actly once. Y is then correlated with the Barker sequence
M to determine whether the transmitted bit was 1 or 0.
With an integrate-and-dumper sampler, the compressive

measurements can be viewed as a linear combination of the
original chip values. For example, suppose only 3 measure-
ments are desired (i.e., a downclocking ratio of 3/11). The
compressed measurements can be viewed as substituting a
compressive measurement matrix into Equation 1:

Ĥ =

⎡

⎣

1 1 1 1 0 0 0 0 0 0 0
0 0 0 0 1 1 1 1 0 0 0
0 0 0 0 0 0 0 0 1 1 1

⎤

⎦

H =

⎡

⎢

⎢

⎣

1 0 0 0 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0 0 0 0

. . .
0 0 0 0 0 0 0 0 0 0 1

⎤

⎥

⎥

⎦

Here, our sampling matrix has only three rows because we
intend to sample each bit’s Barker sequence only three times.
Because 11 cannot be evenly divided by 3, the integrate-
and-dump sampler needs to accommodate varied accumu-
lation length. (We relax this assumption in a later subsec-
tion.) In this particular example, to reduce the clock rate by
11/3=3.67×, we choose to take two samples of 4 chips and
one of 3. Once the compressive samples are obtained, the
baseband logic can be re-engineered to work with the com-
pressed measurements. For example, Davenport et al. show

the following decision rule1 can be used [8]:

di = (Y −HMbi)
T(HH

T)−1(Y −HMbi).

If d0 < d1, the bit is decoded as 0, and 1 otherwise. Our
proposed receiver baseband processing chain is presented in
Figure 4. Since only a single bit is decoded at a time, the
decision rule can be simplified as

di = Y
T(HH

T)−1(HMbi). (2)

4.2 Transmission
Recall from the previous section that one of the key roles

of the Barker sequence is to allow the receiver’s matched
filter to identify the beginning of the bit sequence. In par-
ticular, given 802.11b’s 11-bit Barker sequence, a bit bound-
ary is within the next 10 samples of any chip. Hence, the
matched filter simply correlates the chip samples at each of
these 11 positions. Because of the low auto-correlation prop-
erties of the Barker sequence, the start of the bit sequence is
clearly indicated by a correlation peak. In theory, the Barker
code’s correlation maximum is 11× larger than the second
maximum. However, when a signal is transmitted over the
air, it may get distorted and noise is added. Hence, real re-
ceivers never use a peak criteria as high as 11; on the con-
trary, commercial WiFi cards use much lower thresholds as
our experiments reveal.2

4.2.1 Barker-like sequences
Based on this observation regarding the decoding thresh-

old, we design “Barker-like” sequences whose auto-
correlation properties are not as strong as regular Barker
sequences, but are still likely to satisfy the matched filter’s
threshold to allow the receiver to properly identify the bit
boundary. Similarly, our sequences have the property that,
when correlated with a properly aligned 802.11b Barker se-
quence, they can be successfully decoded. (Recall that de-
spreading is only performed on properly aligned chip se-
quences.) Again, they do not have perfect correlation with
the true Barker sequence, but sufficiently high enough to ei-
ther exceed the threshold for 1s, or low enough to pass for
0s.
The key feature of our Barker-like sequences is that they

are shorter than the original Barker sequence, yet transmit-
1The middle term (pre-whitened matrix) of Davenport’s decision
rule is actually (HMM

T
H

T) because they assume the basis ma-
trix M is applied during decoding after the signal has been re-
ceived. In our DSSS modulation scheme, the matrix is applied
during transmission, so we can drop it from our rule.
2For example, Sora [26] decides the maximum value is a peak if
the maximum value is at least twice the second maximum.
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Figure 3: Baseband processing Rx chain

4.1.2 Compressive sensing
We implement compressive sensing using an integrate-

and-dump sampler as suggested by Tropp et al. [27]. We
extend the match filter by introducing an integrate-and-dump
stage, which accumulates the output from the matched filter
for multiple chip durations, allowing for a lower sampling
rate than the standard 11 MHz. The radio can then be down-
clocked appropriately to achieve a desired compression ra-
tio: sampling is performed on the accumulated output (as
opposed to each chip) and the discrete samples—which con-
tain multiple chips—are fed to the rest of the receiver chain.
We can formalize the DSSS sampling process described

in the previous subsection as extracting a sampled signal Y
from the received signal, C̃ (which is the transmitted DSSS
signal C encoded as described above but distorted by the
channel), with the diagonal sampling matrixH:

Y = HC̃. (1)

In a standard receiver operating at full clock rate, H is an
11×11 identity matrix which simply samples each chip ex-
actly once. Y is then correlated with the Barker sequence
M to determine whether the transmitted bit was 1 or 0.
With an integrate-and-dumper sampler, the compressive

measurements can be viewed as a linear combination of the
original chip values. For example, suppose only 3 measure-
ments are desired (i.e., a downclocking ratio of 3/11). The
compressed measurements can be viewed as substituting a
compressive measurement matrix into Equation 1:

Ĥ =

⎡

⎣

1 1 1 1 0 0 0 0 0 0 0
0 0 0 0 1 1 1 1 0 0 0
0 0 0 0 0 0 0 0 1 1 1

⎤

⎦

Here, our sampling matrix has only three rows because we
intend to sample each bit’s Barker sequence only three times.
Because 11 cannot be evenly divided by 3, the integrate-
and-dump sampler needs to accommodate varied accumu-
lation length. (We relax this assumption in a later subsec-
tion.) In this particular example, to reduce the clock rate by
11/3=3.67×, we choose to take two samples of 4 chips and
one of 3. Once the compressive samples are obtained, the
baseband logic can be re-engineered to work with the com-
pressed measurements. For example, Davenport et al. show
the following decision rule1 can be used [8]:

di = (Y −HMbi)
T(HH

T)−1(Y −HMbi).
1The middle term (pre-whitened matrix) of Davenport’s decision
rule is actually (HMM

T
H

T) because they assume the basis ma-
trix M is applied during decoding after the signal has been re-
ceived. In our DSSS modulation scheme, the matrix is applied
during transmission, so we can drop it from our rule.

If d0 < d1, the bit is decoded as 0, and 1 otherwise. Our
proposed receiver baseband processing chain is presented in
Figure 4. Since only a single bit is decoded at a time, the
decision rule can be simplified as

di = Y
T(HH

T)−1(HMbi). (2)

4.2 Transmission
Recall from the previous section that one of the key roles

of the Barker sequence is to allow the receiver’s matched
filter to identify the beginning of the bit sequence. In par-
ticular, given 802.11b’s 11-bit Barker sequence, a bit bound-
ary is within the next 10 samples of any chip. Hence, the
matched filter simply correlates the chip samples at each of
these 11 positions. Because of the low auto-correlation prop-
erties of the Barker sequence, the start of the bit sequence is
clearly indicated by a correlation peak. In theory, the Barker
code’s correlation maximum is 11× larger than the second
maximum. However, when a signal is transmitted over the
air, it may get distorted and noise is added. Hence, real re-
ceivers never use a peak criteria as high as 11; on the con-
trary, commercial WiFi cards use much lower thresholds as
our experiments reveal.2

4.2.1 Barker-like sequences
Based on this observation regarding the decoding thresh-

old, we design “Barker-like” sequences whose auto-
correlation properties are not as strong as regular Barker
sequences, but are still likely to satisfy the matched filter’s
threshold to allow the receiver to properly identify the bit
boundary. Similarly, our sequences have the property that,
when correlated with a properly aligned 802.11b Barker se-
quence, they can be successfully decoded. (Recall that de-
spreading is only performed on properly aligned chip se-
quences.) Again, they do not have perfect correlation with
the true Barker sequence, but sufficiently high enough to ei-
ther exceed the threshold for 1s, or low enough to pass for
0s.
The key feature of our Barker-like sequences is that they

are shorter than the original Barker sequence, yet transmit-
ted over the same time interval. As a result, each chip in
our Barker-like sequence lasts longer than a standard Barker
chip. The exact number of chips in the sequence—and,
thus, the chip duration—can be chosen to match an intended
downclock rate. We can represent the original Barker and

2For example, Sora [26] decides the maximum value is a peak if
the maximum value is at least twice the second maximum.

6

3	  samples	  (27%)	  

Compressive decoding"

10 10 CSE 222A – Lecture 19: Down-clocking WiFi"



Down-clocking WiFi"

●  Insert an Integrate-and-Dump stage 
◆  Allows sampling/decoding at a lower clock rate 

●  Replace traditional de-spreading stage 
◆  Use compressive sensing to decode fewer samples 
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Figure 2: Original and modified baseband Rx processing chain. Compared to the original Rx chain, the modified chain adds an

additional integrate-and-dump component and replaces the De-spreading part with the CS decoder.

purposes. First, it enlarges the spectrum of the original
baseband signal by 11× to make it more robust to chan-
nel noise. Secondly, due to the unique properties of a
Barker sequence, it enables the receiver to more easily
synchronize with the transmitted signal. In particular, a
Barker sequence has low auto-correlation except when
precisely aligned with itself, so receivers can easily de-
termine when they have correctly synchronized with the
incoming chip sequence.

Mathematically, one can consider the DSSS spreading
process as computing an 11-chip signal, C, for each bit,
C = M · bi, where bi is a 2 × 1 sparse vector (b1 =
[0 1]T corresponds to a 1 and b0 = [1 0]T for a 0), and
the Barker sequence M is given by

M =

!

+1− 1 + 1 + 1− 1 + 1 + 1 + 1− 1− 1− 1

−1 + 1− 1− 1 + 1− 1− 1− 1 + 1 + 1 + 1

"T

Note that the two rows of M are simply inverses of each
other; hence, both Barker sequences have identical auto-
correlation magnitudes—they just result in either posi-
tive or negative correlation.

Subsequently, the pulse shaping stage ensures that the
resulting signal spectrum shape conforms to the IEEE
802.11b specification. In particular, the shaped signal
has a bandwidth of 22 MHz; therefore, a minimum sam-
pling rate of 44 MHz is required to meet the Nyquist
sampling criteria at the receiver side.

Conversely, Figure 2 presents a high-level description
of an 802.11b receiver baseband processing chain. A
matched filter recovers the chip values. In particular, the
matched filter correlates the incoming chip samples with
the Barker sequence to locate where the bit boundary is,
i.e., the first chip in the bit. Once the signal is synchro-
nized, it is sampled every chip time. Therefore, over the
course of a single bit duration, 11 sample values will be
collected corresponding to the 11-chip Barker sequence.
This chip sequence is “de-spread” by once again corre-
lating it with the Barker sequence to determine whether
a 1 or 0 was encoded, resulting in (hopefully) the orig-
inal 1-Mbps bit stream which is then de-scrambled by
XORing with the same scrambler sequence.

4.1.2 Compressive sensing

We implement compressive sensing using an integrate-
and-dump sampler as suggested by Tropp et al. [33].
We extend the match filter by introducing an integrate-
and-dump stage, which accumulates the output from the

matched filter for multiple chip durations, allowing for
a lower sampling rate than the standard 11 MHz. The
radio can then be downclocked appropriately to achieve
a desired compression ratio: sampling is performed on
the accumulated output (as opposed to each chip) and
the discrete samples—which contain multiple chips—are
fed to the rest of the receiver chain.

We can formalize the DSSS sampling process de-
scribed in the previous subsection as extracting a sample
Y from the received signal, C̃ (which is the transmitted
DSSS signal C encoded as described above but distorted
by the channel), with the diagonal sampling matrix H:

Y = HC̃. (1)

In a standard receiver operating at full clock rate, H is an
11×11 identity matrix which simply samples each chip
exactly once. Y is then correlated with the Barker se-
quence M to determine the transmitted bit.

With an integrate-and-dumper sampler, the measure-
ments can be viewed as a linear combination of the orig-
inal chip values. For example, suppose only 3 measure-
ments are desired (i.e., a downclocking ratio of 3/11).
The measurements can be viewed as substituting a com-
pressive measurement matrix into Equation 1:

Ĥ =

⎡

⎣

1 1 1 1 0 0 0 0 0 0 0
0 0 0 0 1 1 1 1 0 0 0
0 0 0 0 0 0 0 0 1 1 1

⎤

⎦

Here, our sampling matrix has only three rows because
we intend to sample each bit’s Barker sequence only
three times. Because 11 cannot be evenly divided by 3,
the integrate-and-dump sampler needs to accommodate
varied accumulation length. (We relax this assumption
in a later subsection.) In this particular example, to re-
duce the clock rate by 11/3=3.67×, we choose to take
two samples of 4 chips and one of 3. Once the compres-
sive samples are obtained, the baseband logic can be re-
engineered to work with the compressed measurements.
For example, Davenport et al. show the following deci-
sion rule1 can be used [10]:

di = (Y −HMbi)
T(HH

T)−1(Y −HMbi).

1The middle term (pre-whitened matrix) of Davenport’s decision
rule is actually (HMMTHT) because they assume the basis matrix
M is applied during decoding after the signal has been received. In our
DSSS modulation scheme, the matrix is applied during transmission,
so we can drop it from our rule.
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Down-clocked Reception"
12"

% of Full Clock Rate

Fr
am

e 
R

ec
ep

tio
n 

R
at

e 
(%

)

20 30 40 50 60 70 80 90 100

0
20

40
60

80
10

0
66 dB 56 dB 48 dB 46 dB

(a) WiFi → SloMo
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(b) SloMo → WiFi (small packets)
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(c) SloMo → WiFi (large packets)

Figure 4: Frame reception rates at SloMo Sora node (commercial WiFi device) for packets sent by commercial WiFi device (SloMo

Sora node) using downclocked compressive sensing reception (downclocked “Barker-like” transmission). As a baseline, the 100%

clock rate corresponds to using the default 802.11b implementation.

5.4 Downclocked transmission

Next we evaluate downclocked transmission in isola-
tion using the shorter “Barker-like” sequences. We send
packets from our experimental Sora node using down-
clocked transmission to the commercial WiFi device on
the laptop, and record the fraction of transmitted packets
successfully received and decoded by the commercial de-
vice. We use the same methodology as with compressive
sensing: 10 runs of 1,000 UDP packets at each combi-
nation of downclock rate and network location. We also
experiment with two packet sizes. The first is a small
packet size of 60 bytes, corresponding to apps sending
small data packets and sending ACKs in response to a
packet received using compressive sensing. The second
is a larger packet size of 1,000 bytes.

Figures 4(b) and 4(c) show the results for down-
clocked transmission for small and large packets, respec-
tively. Compared to downclocked reception with com-
pressive sensing, we note that the operational SNR range
is much larger; commercial WiFi cards have much better
receiver sensitivity than Sora.

Focusing on results relative to the commercial WiFi
baseline, however, shows that downclocked transmission
using shorter “Barker-like” sequences more strongly de-
pends on network conditions, clock rate and packet size.
A clock rate of 100% transmits using the full Barker se-
quence in standard WiFi, and smaller rates correspond to
transmission using increasingly shorter Barker-like se-
quences (Figure 3); the lowest transmission clock rate
is 20%, which corresponds to transmitting with just two
chips (Section 4.2). As shown in Figure 4(b), with small
packet sizes downclocked transmission is nearly as good
as standard WiFi for moderate and good network con-
ditions (≥ 26 dB) for nearly all downclock rates (at the
lowest 20% clock rate, reception rates are 10–20% below
the baseline). With larger packets sizes, as shown in Fig-
ure 4(c), downclocked transmission continues to do well
for the majority of clock rates. Note that downclocked

rates of 73% and 82% underperform other clock rates by
7–10% when the SNR is moderate or low (≤26 dB). This
variation is due to how well a “Barker-like” sequence
approximates the original Barker sequence; a longer se-
quence (higher clock rate) does not necessarily yield bet-
ter correlation results. As with small packets, the lowest
clock rate of 20% substantially degrades reception rela-
tive to the baseline, pushing the limit of downclocking.

Overall, when SNR is poor (≤ 13 dB), downclocked
reception rates are on average 10% less than the stan-
dard WiFi implementation; otherwise, the packet recep-
tion rates are approximately the same. These results indi-
cate that downclocked transmission is feasible for a wide
range of SNR scenarios, especially transmitting ACKs at
the same downclocked rate used to receive data frames.

5.5 Further prototype experiments

We performed additional experiments with the SloMo
prototype, which we summarize for space considera-
tions. First, we combined downclocked reception and
transmission to evaluate the quality of Skype VoIP com-
munication using SloMo. We found that downclocked
VoIP using SloMo only significantly degrades call qual-
ity when network conditions are poor, as expected,
but otherwise delivers equivalent Mean Opinion Scores
(MOS) for calls. To stress SloMo’s downclocking im-
plementation, we also evaluated application throughput
at both 1 Mbps and 2 Mbps link rates using iperf

with 1,000-byte UDP packets. The 1-Mbps results track
the packet reception results in Figure 4(a) very closely.
SloMo can also take full advantage of 2-Mbps link rates
under stable network conditions: application throughputs
at 2 Mbps are double those at 1 Mbps. Finally, in addi-
tion to evaluating SloMo with the Intel WiFi card, we
also performed similar throughput experiments between
the Sora node running SloMo and a Macbook Pro lap-
top with an Apple Airport Extreme WiFi card using the
Broadcom BCM43xx firmware. Both downclocked re-
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●  Want to send less than 11 chips per bit 
◆  But the receiver is expecting 802.11b 
◆  Will be sampling 11 times per bit, expecting Barker 

spreading 

●  Emulate the properties of Barker sequence 
◆  Low auto-correlation unless aligned properly 
◆  Correlates well with actual Barker sequence 

» Commercial receivers are doing MLE decoding 

13"

Slow transmission: Barker like"
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(b) SloMo → WiFi (small packets)
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(c) SloMo → WiFi (large packets)

Figure 4: Frame reception rates at SloMo Sora node (commercial WiFi device) for packets sent by commercial WiFi device (SloMo

Sora node) using downclocked compressive sensing reception (downclocked “Barker-like” transmission). As a baseline, the 100%

clock rate corresponds to using the default 802.11b implementation.

5.4 Downclocked transmission

Next we evaluate downclocked transmission in isola-
tion using the shorter “Barker-like” sequences. We send
packets from our experimental Sora node using down-
clocked transmission to the commercial WiFi device on
the laptop, and record the fraction of transmitted packets
successfully received and decoded by the commercial de-
vice. We use the same methodology as with compressive
sensing: 10 runs of 1,000 UDP packets at each combi-
nation of downclock rate and network location. We also
experiment with two packet sizes. The first is a small
packet size of 60 bytes, corresponding to apps sending
small data packets and sending ACKs in response to a
packet received using compressive sensing. The second
is a larger packet size of 1,000 bytes.

Figures 4(b) and 4(c) show the results for down-
clocked transmission for small and large packets, respec-
tively. Compared to downclocked reception with com-
pressive sensing, we note that the operational SNR range
is much larger; commercial WiFi cards have much better
receiver sensitivity than Sora.

Focusing on results relative to the commercial WiFi
baseline, however, shows that downclocked transmission
using shorter “Barker-like” sequences more strongly de-
pends on network conditions, clock rate and packet size.
A clock rate of 100% transmits using the full Barker se-
quence in standard WiFi, and smaller rates correspond to
transmission using increasingly shorter Barker-like se-
quences (Figure 3); the lowest transmission clock rate
is 20%, which corresponds to transmitting with just two
chips (Section 4.2). As shown in Figure 4(b), with small
packet sizes downclocked transmission is nearly as good
as standard WiFi for moderate and good network con-
ditions (≥ 26 dB) for nearly all downclock rates (at the
lowest 20% clock rate, reception rates are 10–20% below
the baseline). With larger packets sizes, as shown in Fig-
ure 4(c), downclocked transmission continues to do well
for the majority of clock rates. Note that downclocked

rates of 73% and 82% underperform other clock rates by
7–10% when the SNR is moderate or low (≤26 dB). This
variation is due to how well a “Barker-like” sequence
approximates the original Barker sequence; a longer se-
quence (higher clock rate) does not necessarily yield bet-
ter correlation results. As with small packets, the lowest
clock rate of 20% substantially degrades reception rela-
tive to the baseline, pushing the limit of downclocking.

Overall, when SNR is poor (≤ 13 dB), downclocked
reception rates are on average 10% less than the stan-
dard WiFi implementation; otherwise, the packet recep-
tion rates are approximately the same. These results indi-
cate that downclocked transmission is feasible for a wide
range of SNR scenarios, especially transmitting ACKs at
the same downclocked rate used to receive data frames.

5.5 Further prototype experiments

We performed additional experiments with the SloMo
prototype, which we summarize for space considera-
tions. First, we combined downclocked reception and
transmission to evaluate the quality of Skype VoIP com-
munication using SloMo. We found that downclocked
VoIP using SloMo only significantly degrades call qual-
ity when network conditions are poor, as expected,
but otherwise delivers equivalent Mean Opinion Scores
(MOS) for calls. To stress SloMo’s downclocking im-
plementation, we also evaluated application throughput
at both 1 Mbps and 2 Mbps link rates using iperf

with 1,000-byte UDP packets. The 1-Mbps results track
the packet reception results in Figure 4(a) very closely.
SloMo can also take full advantage of 2-Mbps link rates
under stable network conditions: application throughputs
at 2 Mbps are double those at 1 Mbps. Finally, in addi-
tion to evaluating SloMo with the Intel WiFi card, we
also performed similar throughput experiments between
the Sora node running SloMo and a Macbook Pro lap-
top with an Apple Airport Extreme WiFi card using the
Broadcom BCM43xx firmware. Both downclocked re-
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(b) SloMo → WiFi (small packets)
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(c) SloMo → WiFi (large packets)

Figure 4: Frame reception rates at SloMo Sora node (commercial WiFi device) for packets sent by commercial WiFi device (SloMo

Sora node) using downclocked compressive sensing reception (downclocked “Barker-like” transmission). As a baseline, the 100%

clock rate corresponds to using the default 802.11b implementation.

5.4 Downclocked transmission

Next we evaluate downclocked transmission in isola-
tion using the shorter “Barker-like” sequences. We send
packets from our experimental Sora node using down-
clocked transmission to the commercial WiFi device on
the laptop, and record the fraction of transmitted packets
successfully received and decoded by the commercial de-
vice. We use the same methodology as with compressive
sensing: 10 runs of 1,000 UDP packets at each combi-
nation of downclock rate and network location. We also
experiment with two packet sizes. The first is a small
packet size of 60 bytes, corresponding to apps sending
small data packets and sending ACKs in response to a
packet received using compressive sensing. The second
is a larger packet size of 1,000 bytes.

Figures 4(b) and 4(c) show the results for down-
clocked transmission for small and large packets, respec-
tively. Compared to downclocked reception with com-
pressive sensing, we note that the operational SNR range
is much larger; commercial WiFi cards have much better
receiver sensitivity than Sora.

Focusing on results relative to the commercial WiFi
baseline, however, shows that downclocked transmission
using shorter “Barker-like” sequences more strongly de-
pends on network conditions, clock rate and packet size.
A clock rate of 100% transmits using the full Barker se-
quence in standard WiFi, and smaller rates correspond to
transmission using increasingly shorter Barker-like se-
quences (Figure 3); the lowest transmission clock rate
is 20%, which corresponds to transmitting with just two
chips (Section 4.2). As shown in Figure 4(b), with small
packet sizes downclocked transmission is nearly as good
as standard WiFi for moderate and good network con-
ditions (≥ 26 dB) for nearly all downclock rates (at the
lowest 20% clock rate, reception rates are 10–20% below
the baseline). With larger packets sizes, as shown in Fig-
ure 4(c), downclocked transmission continues to do well
for the majority of clock rates. Note that downclocked

rates of 73% and 82% underperform other clock rates by
7–10% when the SNR is moderate or low (≤26 dB). This
variation is due to how well a “Barker-like” sequence
approximates the original Barker sequence; a longer se-
quence (higher clock rate) does not necessarily yield bet-
ter correlation results. As with small packets, the lowest
clock rate of 20% substantially degrades reception rela-
tive to the baseline, pushing the limit of downclocking.

Overall, when SNR is poor (≤ 13 dB), downclocked
reception rates are on average 10% less than the stan-
dard WiFi implementation; otherwise, the packet recep-
tion rates are approximately the same. These results indi-
cate that downclocked transmission is feasible for a wide
range of SNR scenarios, especially transmitting ACKs at
the same downclocked rate used to receive data frames.

5.5 Further prototype experiments

We performed additional experiments with the SloMo
prototype, which we summarize for space considera-
tions. First, we combined downclocked reception and
transmission to evaluate the quality of Skype VoIP com-
munication using SloMo. We found that downclocked
VoIP using SloMo only significantly degrades call qual-
ity when network conditions are poor, as expected,
but otherwise delivers equivalent Mean Opinion Scores
(MOS) for calls. To stress SloMo’s downclocking im-
plementation, we also evaluated application throughput
at both 1 Mbps and 2 Mbps link rates using iperf

with 1,000-byte UDP packets. The 1-Mbps results track
the packet reception results in Figure 4(a) very closely.
SloMo can also take full advantage of 2-Mbps link rates
under stable network conditions: application throughputs
at 2 Mbps are double those at 1 Mbps. Finally, in addi-
tion to evaluating SloMo with the Intel WiFi card, we
also performed similar throughput experiments between
the Sora node running SloMo and a Macbook Pro lap-
top with an Apple Airport Extreme WiFi card using the
Broadcom BCM43xx firmware. Both downclocked re-
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●  Tackling higher data-rate protocols 
◆  802.11a/g/n use different encodings 
◆  Compressive sensing not directly applicable 

●  Harnessing aliasing effects 
◆  We can decode QAM at lower clock rates? 

●  What if we’re not tied to 802.11 
◆  How would we design a power-proportional WLAN PHY/MAC 

from the ground up 

23"

Discussion"
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For Next Class…"
 
●  Good luck on the Quiz! 
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