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Abstract—This paper presents the first, to the best of our
knowledge, detailed experimental study of 802.11n/ac throughput
and power consumption in modern smartphones. We experiment
with a variety of smartphones, supporting different subsets of
802.11n/ac features. We investigate the power consumption in
various states of the wireless interface (sleep, idle, active), the
impact of various features of 802.11n/ac (PHY bitrate, frame
aggregation, channel bonding, MIMO) on both throughput and
power consumption, and the tradeoffs between these two met-
rics. Some of our findings are significantly different from the
findings of previous studies using 802.11n/ac wireless cards for
laptop/desktop computers. We believe that these findings will help
in understanding various performance and power consumption
issues in today’s smartphones and will guide the design of power
optimization algorithms for the next generation of mobile devices.

I. INTRODUCTION

802.11 continues to advance in order to cope with the
tremendous increase in wireless access network traffic. The
802.11n standard [1] was the first to introduce an 802.11 PHY
layer based on the Multiple-Input Multiple Output (MIMO)
transmission scheme. The MIMO technology combined with
other innovations at the MAC/PHY layer — channel bonding
(CB), frame aggregation (FA), short guard interval (SGI),
and more aggressive modulation and coding schemes (MCS)
— allows 802.11n to provide higher data rates, up to 600
Mbps, and longer range compared to legacy 802.11a/b/g. The
more recent 802.11ac standard [2] further pushes the envelope
providing support for even more spatial streams, wider chan-
nels, denser modulation schemes, and larger aggregation sizes,
which, combined with transmit beamforming and multi-user
MIMO, promise Gbps bitrates in future 802.11ac WLANSs.

However, improved communication speeds generally come
at the cost of higher power consumption. This concern is
particularly heightened for smartphones where radio interfaces
can account for up to 50% of the total power budget under
typical use [3], [4]. Initial studies [5], [6] showed that popular
802.11n wireless cards could deplete a typical smartphone
battery in 2-3 hours. Although later studies [7], [8] showed that
smartphone 802.11n chipsets [9] are more power efficient than
their counterparts for laptop/desktop computers, high power
consumption remains a major concern for future smartphones,
especially taking into account the fact that the increase in
energy density of current state-of-the-art batteries is far from
following Moore’s Law [10].

The combination of high power consumption and hardware
limitations has prevented the first generations of 802.11n/ac
smartphones from implementing all features offered by the

standards. The first generation of 802.11n smartphones (e.g.,
Google Nexus S) supported neither MIMO nor CB, limiting
the available PHY bitrates to 72 Mbps. Later models (e.g.,
Samsung Galaxy S3/S4) added support for 40 MHz channels.
MIMO remained a challenge for smartphones for a longer
time; Samsung Galaxy S5 (released in April 2014) is one of
the first smartphones to support 2x2 MIMO operation.

There has been a large number of studies on the perfor-
mance [11], [12], [13], [14], [15] and power consumption [5],
[6], [16], [7], [14], [15] of 802.11n/ac over the past few years.
However, the majority of these studies [11], [12], [13], [5],
[6], [16] used wireless cards for laptop/desktop computers. It
is not clear if the findings of these studies can be extended
to smartphones, where hardware resources and power man-
agement policies can be a significant bottleneck. On the other
hand, there is only a very small number of recent studies on
the performance and/or power consumption of 802.11n/ac in
smartphones [7], [14], [15], [8]. These studies cannot provide
a complete picture of the power and performance tradeoffs
of 802.11n/ac in today’s smartphones due to a number of
limitations: they use only one device in their experiments [7],
[15] ([8] showed that, for the same throughput, power con-
sumption can vary significantly among different smartphones),
they study only the receive mode of the wireless interface [7],
[15], [8], or they do not stress-test the performance, using only
a limited range of application layer data rates [14], [15].

In this paper, we conduct the first detailed experimental
study of 802.11n/ac throughput and power consumption in
smartphones. We experiment with a variety of smartphones,
supporting different subsets of the 802.11n/ac features, in order
to ensure that we are not profiling a specific device. Our goal
is to identify common trends across different devices that can
potentially guide the design of power optimizations for future
devices. At the same time, our selection of devices, ranging
from a Google Nexus S phone (popular in 2011) to a Samsung
Galaxy S5 allows us to observe the evolution of 802.11n/ac in
smartphones over a 4-year period. We investigate the power
consumption in various states of the wireless interface, the
impact of various features of 802.11n/ac on both throughput
and power consumption, and the tradeoffs between these two
metrics. We also study the impact of other factors such as
the CPU frequency and the application layer data rate on the
performance and power consumption.

The rest of the paper is organized as follows. Section II
discusses related work. Section III describes the experimental
setup. Section IV examines the impact of CPU on the per-
formance and power consumption of 802.11n/ac. Section V



examines power consumption in non-communicating modes.
Sections VI and VII investigate the throughput and power
consumption of 802.11n and 802.11ac, respectively, focusing
on the impact of MCS, FA, and CB. Section VIII examines
the impact of MIMO in 802.11n/ac. Section IX compares
the impact of different 802.11n/ac features on throughput and
power consumption for different application data rates. Finally,
Section X concludes the paper.

II. RELATED WORK

Several experimental works have studied the performance
0of 802.11nin WLANS (e.g., [11], [12], [17], [18], [13]). On the
other hand, the only experimental study of the performance of
802.11ac is [15]. The testbeds used in all these works consist of
desktop/laptop computers. To the best of our knowledge, there
is no experimental study on the performance of 802.11n/ac in
smartphones.

A few works have studied experimentally the power con-
sumption of 802.11n/ac [5], [15] or modeled power consump-
tion as a function of the 802.11n MAC/PHY features [16],
[19]. These works also use wireless cards for laptops/desktops
in their studies, with the exception of [15].

[15] is the first experimental study of 802.11ac WNICs in
receive mode. Although most of the experiments use laptops
as clients, the work also includes a small number of power
measurements with a Samsung Galaxy S4 phone. The main
finding is that power consumption increases proportionally
with the channel width, which we also confirm in this study
(Sections VII, IX).

The only works that focus on the power consumption of
802.11n/ac in smartphones are [7], [14], [15], [8]. [14] studies
power and throughput tradeoffs of WiFi and Bluetooth in
smartphones. Although the majority of the experiments are
done with 802.11g, there is a small number of measurements
with an 802.11n Samsung Galaxy S2 phone. It reports a
maximum application layer throughput of only 13 Mbps, much
lower than the maximum theoretically supported PHY bitrate
of 72 Mbps. [8] evaluates the accuracy of a recently proposed
model of power consumption as a linear function of the
application layer throughput [20] using an 802.11n Nexus S
smartphone. Similar to [15], it considers only the receive mode.
Both these works only study the relationship between power
and the application layer throughput and they do not examine
the individual contribution of each 802.11n feature to the total
power consumption.

In our previous work [7], we studied the 802.11n through-
put and power consumption in receive mode, and the tradeoffs
between the two metrics, using a Nexus S smartphone. This
paper extends the work in [7] in three ways. First, we study
both receive (Rx) and transmit (Tx) mode. Second, we use four
different smartphones, covering the whole range of 802.11n
features. Third, we consider both 802.11n and 802.11ac.

III. EXPERIMENTAL METHODOLOGY

Our study was performed using four different smartphones.
We summarize their characteristics in Table I. Nexus S works
only in the 2.4 GHz band. The other three phones work in
both bands (in the case of 802.11n), but they provide support

for CB only in the 5 GHz band. We repeated the experiments
with CB disabled in both bands and found that the results are
very similar. Due to space limitation, in the following sections,
we only report results in the 5 GHz band for these phones.

We used a Dell Inspiron™ M5030 laptop running a Linux
distribution (Ubuntu 12.04, kernel 3.6) as Access Point (AP).
For the 802.11n experiments, the laptop was equipped with
a Half Mini PCl-e Atheros AR9380 802.11a/b/g/n 3x3 WiFi
adapter. For the 802.11ac experiments, the same laptop was
equipped (using kernel 3.12) with a Mini PCI-e Compex
WLE900NS5-18 802.11n/ac WiFi adapter [21] featuring the
Qualcomm-Atheros QCA9880 Version 2 chipset. The open
source drivers ath9k [22] and ath10k [23] were used to
control the 802.11n and 802.11ac adapter, respectively. All our
experiments were done with Long Guard Interval (LGI); [7]
found that SGI and LGI exhibit very little difference in terms
of throughput and power consumption.

We modified ath9k and used the iw cmd-line utility in
case of athlOk to disable rate-adaptation and fix the MCS
manually on the AP. We also made changes to the drivers to
control the maximum number of frames that the MAC layer
can aggregate. To fix the MCS on the phones, we forced
the AP to advertise support of a single MCS index in the
802.11n beacons. However, we were not able to disable FA
on the phone. Hence, all our uplink experiments (from the
phone to the AP) are done with FA. On the other hand, the
802.11ac beacon structure (the VHT capabilities element) does
not provide a fine-grained control over the supported Rx MCS
and spatial streams [24]. Due to this limitation, we were not
able to fix the Tx rate on the phone to a particular MCS and
we only report Rx results for 802.11ac.

We measured power consumption on the phone using a
Monsoon Power Monitor [25]. The power measurements are
taken with the screen on, Bluetooth/GSM/3G radios disabled,
and minimal background application activity, ensuring that the
phone’s base power is low and does not vary significantly
over time. For the measurements of the power consumption
in non-communicating modes (Section V), base power is
defined as the power consumed by the phone when WiFi is
turned off. For the Rx/Tx power consumption measurements in
Sections VI, VII, VIII, IX, base power is defined as the power
consumed when the phone is connected to the AP without any
Rx/Tx activity. All the power measurements reported in the
paper are obtained after subtracting the base power from the
total power measured by the power monitor.

With the exception of Section IX, each experiment involved
a 10-second iperf session using 1470-byte UDP packets sent as
fast as the MAC allowed. We ensured that we always kept the
queues backlogged but without packet drops, in order to avoid
the additional energy cost referred to as “cross-factor” in [26].
The phone and the AP were placed very close to each other and
we made sure there was no external interference. These choices
were made in order to stress-test each device and discover
the maximum supported throughput. Using the power monitor,
we measured the average Tx/Rx power consumption on the
phone during the 10-second period. We also calculated the per-
bit energy consumption (in nJ/bit) as the power consumption
(W=J/s) divided by the throughput (Mbps). Each experiment
was repeated 10 times and the graphs plot the average values.
The standard deviations were very small in all cases due to



TABLE 1.

SMARTPHONES USED IN OUR STUDY.

802.11n features
802.11ac features

MCS 0-7, FA, SGI
N/A

MCS 0-7, FA, SGI, 40 MHz
N/A

Manufacturer Google Samsung Samsung Samsung
Model Nexus S Galaxy S3 Galaxy S4 Galaxy S5
os Android 4.3.1 (CM 10.2) Android 4.2.2 (CM 10.1.3) Android 4.4.2 (CM 11) Android 4.4.2
WiFi 802.11b/g/n 802.11b/a/g/n 802.11b/a/g/n/ac 802.11b/a/g/n/ac

MCS 0-7, FA, SGI, 40 MHz
MCS 0-9, FA, SGL, 40/30 MHz

MCS 0-15, FA, SGI, 40 MHz, MIMO 2x2
MCS 0-9, FA, SGI, 40/80 MHz, MIMO 2x2
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Fig. 1.

the stable conditions in which the experiments took place and
they are omitted for better clarity of the graphs.

IV. ImMmpPACT OF CPU

The smartphones used in our study feature many different
CPU configurations supporting a wide range of clock speeds
(100MHz-2.6GHz). In general, lower CPU frequencies con-
sume less power, while higher frequencies help provide a more
responsive user experience. Android provides multiple CPU
scaling algorithms (called CPU Governors) to adaptively set
the CPU frequency according to the offered load, with each one
geared towards a specific power/performance goal. The phones
used in our study have the following CPU governors available:
Performance (Pf), Ondemand (Od), Powersave (Ps), Pegasusq
(Peg-q), Interactive (Ia), Conservative (Cv), Userspace (Us).

We observed in our experiments that some CPU governors
consistently provided better throughput for a given MCS
but resulted in very high power consumption. On the other
hand, the power-saving governors often led to packets being
dropped at the phone (in case of Rx) or not enough packets
being sent (in case of Tx). Figure 1 shows four examples of
the impact of using different CPU governors on the highest
achievable throughput and the resulting power consumption,
in different devices. We observe that, in Tx mode, different
CPU governors can provide very different combinations of
throughput and power consumption. On the other hand, in Rx
mode (Figure 1(d)), different governors perform similarly.

Although a detailed study of the tradeoffs between CPU
frequency used and the resulting network performance and
power consumption is out of the scope of this work, we
wanted to ensure that our throughput/power measurements
were comparable across different devices and configurations.
Towards this end, we followed a simple strategy to select the
appropriate CPU governor/frequency in our experiments. For
a given 802.11n/ac configuration, we compared the highest
throughput achievable by the default governor (as most real
users do/can not change their default CPU governor), with that
of the highest CPU frequency available. If the performance
was comparable, we used the default governor. Otherwise,
we switched to the Userspace governor, which allowed us to
manually set the CPU frequency to a fixed value. We started
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Comparison of different CPU Governors/Frequencies for Nexus S (802.11n), Galaxy S3 (802.11n), Galaxy S4 (802.11n), and Galaxy S5 (802.11ac).

with the smallest CPU frequency offered by the device and
then incremented it until we found the one that provided
throughput comparable to what we could get with the highest
CPU frequency setting available. This method guaranteed that
the CPU did not become a bottleneck and hence we can be
sure that the measured throughput was not affected by non-
network factors. Choosing the lowest possible frequency that
provides “reasonable” throughput also ensures that CPU does
not contribute any more to the phone’s power consumption,
than required to support a given bitrate. Table II below lists the
CPU governors/frequencies that we used for our experiments.

TABLE II. CPU GOVERNORS/FREQUENCIES USED (IN MHZ).
Rx Tx

20 MHz 40 MHz 80 MHz 20 MHz 40 MHz
Nexus S Od - - Od -
S3 Peg-q 1000 - Peg-q 1000
S4 [11n] 600 600 - 600 1600
S4 [1lac] 400 400 450 - -
S5 [11n] 652.8[SS] 652.8[SS] ] Ta[SS] Ta[SS]

883.2[DS] | 883.2[DS] Ta[DS] Ta[DS]
$5 [11ac] 652.8[SS] 729.6[SS] 729.6[SS] . ]

652.8[DS] | 729.6[DS] | 2265.6[DS]

V. NON-COMMUNICATING MODES

In this section, we examine the power consumption in non-
communicating modes; sleep or Power Saving Mode (PSM)
and idle mode. In both modes, the phone is connected to the
AP and the only traffic is the periodic beacons broadcast by
the AP. To measure the idle power consumption, we followed
a methodology similar to that in [15]: the AP sent traffic at
a rate of 1 Mbps (1 packet every 12 msec) and we measured
the power consumption between packet receptions.' Table III
shows the non-communicating power consumption for each
phone and various configurations.

In Table III, we observe that power consumption in PSM
is very low for all phones (8-26 mW), regardless of the
configuration (channel width or number of streams). In this
mode, the WiFi radio sleeps most of the time and only wakes
up periodically to receive a beacon from the AP. Interestingly,

'WiFi typically switches to PSM after a timeout of several tens to hundreds
of milliseconds [27], [4].



TABLE III.

POWER CONSUMPTION (IN MW) IN NON-COMMUNICATING MODES.

Phone Nexus S Galaxy S3 Galaxy S4 Galaxy S5
Configuration PSM Idle PSM Idle PSM Idle PSM Idle
802.11n, 20 MHz, SS 8+6 | 249+7 | 15+6 | 164 £33 | 24+ 16 398 £ 7 26 + 4 595 + 13
802.11n, 40 MHz, SS - - 16 +£8 245 +5 25+ 5 413 + 2 24+9 669 + 4
802.11n, 20 MHz, DS - - - - - - 22+ 6 589 + 5
802.11n, 40 MHz, DS - - - - - 21+8 673 + 10
802.11ac, 20 MHz, SS - - - 2249 374 £ 7 13 £ 12 576 £ 5
802.11ac, 40 MHz, SS - - - 20+ 9 425 + 3 18 £ 10 666 + 7
802.11ac, 80 MHz, SS - - - 19+10 | 529 + 11 1246 824 +9
802.11ac, 20 MHz, DS - - - - - 12+ 8 583 + 8
802.11ac, 40 MHz, DS - - - - 14+ 8 662 + 8
802.11ac, 80 MHz, DS - - - - 14+9 827 + 10
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802.11ac consumes less power in PSM than 802.11n. In
contrast, the idle power consumption is much higher, in the
range of 164-827 mW.

Comparing the idle power consumption across different
channel widths for a given phone, we observe that it increases
with the channel width in both 802.11n and 802.11ac. The
same observation was made in [15] both for a mini-PCle
802.11ac card and a Galaxy S4 smartphone. In contrast, [5]
reports that 40 MHz channels have negligible impact on the
power consumption of the Intel WiFi 5300 802.11n cards. On
the other hand, we observe that the power consumption of
Galaxy S5 (the only smartphone that supports MIMO) remains
the same in single stream (SS) and double stream (DS) mode.
One possible explanation for this counter-intuitive result is that
the WiFi chipset always keeps both antennas activated when
it is idle between packet receptions.

VI. 802.1IN

A. Baseline comparison

In this section, we use a 20 MHz channel and compare
the Rx and Tx throughput, power, and energy consumption of
three smartphones (Nexus S, Galaxy S3, and Galaxy S4), with

3

(e) Tx power consumption.

4 5 6 7 0 1 2 3 4 5 6 7
Mcs

(f) Tx energy consumption per bit.

802.11n throughput, power, and energy per bit comparison for Nexus S, Galaxy S3, Galaxy S4 with FA on/off. The channel width is 20 MHz.

FA enabled (FA on) and disabled (FA off), across all MCS
indices. The results are shown in Figures 2(a)-2(f).

Throughput Figures 2(a), 2(d) show that FA is necessary
for high throughput, a fact known from previous studies. For
example, the maximum Rx throughput is only 20-27 Mbps
with FA off but it increases to 46-55 Mbps with FA on. For
Galaxy S3 and S4, the maximum achievable Rx throughput is
higher than the maximum Tx throughput by 16% and 9.9%,
respectively. In contrast, with Nexus S, throughput is slightly
higher in Tx mode. We also observe that different devices
achieve different throughputs for a given MCS. In Rx mode
at MCS 7, Galaxy S4 (the most recent of the three devices)
achieves 9% higher throughput than Galaxy S3, which in turns
achieves 8% higher throughput than Nexus S. In Tx mode,
Galaxy S4 still achieves the highest throughput (5.5% higher
than Nexus S) but Nexus S comes second achieving 9.6%
higher throughput than Galaxy S3.

Power consumption In Figures 2(b), 2(e), we observe that for
each device, the Tx power consumption is much higher than the
Rx power consumption. The maximum Rx power consumption
never exceeds 700 mW; this value is lower than the value
reported in [5] for a mini-PCle card (940 mW). Note that, in
our case, the reported value is the fotal power consumed by
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the phone (i.e., it includes the power consumed as the packets
cross the network stack, referred to as processing power in [6]
or cross-factor in [28]) and not only by the WiFi chipset unlike
in [5]. In contrast, the Tx power consumption is higher than
900 mW with all three phones. For comparison, the Tx power
consumption for the WiFi card reported in [5] is 1280 mW.

A second observation from Figures 2(b), 2(e) is that
different smartphones have very different power profiles. For
example, the maximum Rx (Tx) power (MCS 7) for the three
phones we consider in this study varies from 392-685 mW
(1021-1533 mW). Moreover, the impact of FA is very different
on the three devices. In Galaxy S3, power consumption is
similar with and without FA. In Galaxy S4, power consumption
is higher with FA off by 1-8% for different MCS. In contrast,
in Nexus S, power consumption is higher with FA on by up to
31% (MCS 4). We also observe that more recent models are
not necessarily more power-efficient. Galaxy S3 is the most
power-efficient among the three phones, in both Rx and Tx
mode. Between the other two phones, Nexus S consumes the
highest power in Tx mode and in Rx mode for MCS 4-7.

Finally, we observe that the Rx power consumption in-
creases as we move from MCS 0 to MCS 7 by 99%, 29%, and
19%, for Nexus S, Galaxy S3, and Galaxy S4, respectively,
with FA on, and by 78%, 16%, and 24%, with FA off. In
contrast, [5] reports an increase lower than 10% for a mini-
PCle card and concludes that the higher bit/sec DSP processing
required to process the fastest bitrates incurs only a small
overhead. Our results show that this overhead was significant
for the first generation of 802.11n smartphones (Nexus S) but
it shows a decreasing trend in later generations. On the other
hand, our results in Tx mode are closer to those reported in [5].
Only Nexus S shows an increase of 28% in power consumption
as we move from MCS 0 to MCS 7. For the other two phones,
the increase is lower than 11%.

802.11n throughput, power, and energy per bit comparison for Galaxy S3 and Galaxy S4 with FA on/off and 20/40 MHz channels.

Energy consumption Figures 2(c), 2(f) show that, similar to
power consumption, the per bit energy consumption is higher
in Tx mode than in Rx mode for a given MCS in all 3 devices
and newer generations of smartphones are not always more
energy efficient. Another observation is that a higher MCS
always results in lower per bit energy cost in both Tx and Rx
mode. Finally, FA always reduces the per bit energy cost, as
the increase in throughput (Figures 2(a), 2(b)) is much higher
than the (potential) increase in power consumption. Together,
the last two observations lead to two conclusions: (i) the race-
to-sleep heuristic, which suggests that the fastest configuration
is the most energy efficient, is also applicable to smartphones,
in the case of fixed channel width and good channel conditions
and (ii) the most-power efficient configuration is not always the
most energy efficient; e.g., FA increases power consumption in
Nexus S but is still more energy efficient.

B. 40 MHz channels

We now study the impact of 40 MHz channels in 802.11n.
Figure 3 compares the throughput, power, and energy con-
sumption of Galaxy S3 and Galaxy S4, in the case of 20 and
40 MHz channels, with and without FA.

Throughput In Figures 3(a) and 3(d) we observe that CB
improves throughput with FA on and off. With FA on, the Rx
throughput reaches 71 Mbps in Galaxy S3 and 111 Mbps in
Galaxy S4; the Tx values are similar for S4 and slightly lower
for S3. Interestingly, Figure 3(a) shows that, if we enable only
one of the two features, CB is more effective than FA for MCS
indices lower than 4 when the MAC/PHY overhead is low, but
FA becomes more effective for MCS indices higher than 4.
Two more interesting observations from Figure 3(d) are (i) in
Galaxy S3, Tx throughput with CB and FA does not increase
beyond MCS 5 and (ii) in Galaxy S4, throughput at MCS 0 is
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Fig. 4.
802.11n results with Galaxy S4 are included for comparison.

the same with a 20 MHz and a 40 MHz channel. We repeated
these measurements several times and got consistent values
although we do not have an explanation for these behaviors.

Power consumption Figures 3(b), 3(e) show that CB increases
power consumption in both phones. The increase is particularly
high for S4 in Tx mode. In contrast, [5] reports that CB has
a negligible impact on the power consumption of a mini-PCle
card. If we focus on the 40 MHz curves in Figure 3(b), we
observe that in S3 the power consumption is higher without
FA. In contrast, in S4, power consumption is higher without FA
for MCS 0-4, but with FA for MCS 5-7. Finally, we observe
again that power increases for higher MCS.

Energy consumption Similar to the observation about
throughput in Figure 3(a), Figure 3(c) shows that the per bit
energy cost is lower with CB on and FA off for low MCS
indices (MCS 0 in §3, MCS 0-2 in §4) but with CB off and FA
on for higher MCS indices. However, the combination of FA
and CB is the most energy efficient option in both phones for
all cases, since the increase in power consumption incurred by
CB is accompanied by a large increase in throughput.

VII. 802.11AC

802.11ac introduces mandatory support for 80 MHz chan-
nels and 256 QAM modulation (MCS 8 and 9, the latter only
40/80 MHz channels). Figure 4 compares the 802.11ac Rx
throughput, power, and energy consumption for Galaxy S4 and
Galaxy S5, with a channel width of 20 MHz, 40 MHz, and 80
MHz. We have also included the 802.11n results for Galaxy
S4 from Figure 3 for comparison. For better clarity, we only
show the results with FA on. We found that the conclusions
about the impact of FA and the tradeoffs between FA and CB
in 802.11ac are similar to those in 802.11n which we analyzed
in Section VI-B. For any two channel widths, the largest of
the two widths with FA off yields higher throughput and lower
energy consumption for lower MCS indices but the smallest
width with FA on gives much higher throughput and is more
energy efficient for higher MCS indices; and the combination
of FA on with the widest channel (80 MHz) always gives the
highest throughput and is the most energy efficient.

Throughput In Figure 4(a) we observe that the two phones
achieve almost the same throughput for each MCS when the
channel width is either 20 MHz or 40 MHz, and S5 provides
slightly higher throughput (up to 13.5%) with an 80 MHz
channel width. We also observe that 802.11ac achieves slightly

mcs
(b) Rx power consumption.

(c) Rx energy consumption per bit.

802.11ac throughput, power, and energy per bit comparison for Galaxy S4 and Galaxy S5 with a channel width of 20/40/80 MHz and FA on. The

higher throughput than 802.11n for the same channel width
and the same MCS. Moreover, MCS 8 increases the maximum
achievable throughput of 802.11ac over 802.11n by 25% with a
channel width of 20 MHz, and MCS 9 by 34% with a channel
width of 40 MHz. The best throughput with 802.11ac (with a
combination of MCS 9 and 80 MHz) is 122% higher than the
best throughput with 802.11n (with MCS 7 and 40 MHz).

Power consumption The results for Galaxy S4 in Figure 4(b)
show that 802.11ac is slightly more power efficient than
802.11n for the same channel width and the same MCS.
However, the maximum power with 802.11ac (for MCS 8/9) is
similar to the maximum power with 802.11n (for MCS 7) with
a channel width of 20 MHz and 22% higher with a channel
width of 40 MHz. Similar to our observations about 802.11n in
Section VI-B, the 802.11ac power consumption increases with
MCS and channel width for both phones. Finally, we observe
that Galaxy S5 consumes much more power than Galaxy
S4 — the minimum S5 power consumption (with a 20 MHz
channel) is similar to the maximum S4 power consumption
(with an 80 MHz channel). Two possible explanations for
this observations are (i) S5 needs a higher CPU frequency
to sustain high throughput (Table II) and (ii) it is possible that
S5 activates both antennas even in SS mode (Table V shows
that the idle power consumption in S5 is higher than in S4).
We also observe that power is unexpectedly high with MCS 3
in S5 for all 3 channel widths.

Energy consumption In spite of the higher power consump-
tion, Figure 4(c) shows that 802.11ac is more energy efficient
than 802.11n. Also, similar to our observation about 802.11n
in Section VI-B, wider channels and higher MCS indices in
802.11ac are more energy efficient. Hence, our conclusion
about the “race-to-sleep” heuristic still holds in 802.11ac.

VIII. MIMO

Figure 5 plots the throughput, power consumption, and
energy consumption with one and two MIMO spatial streams
(SS/DS) and all available channel widths for Galaxy S5. For
802.11ac, we show again only the Rx results. Note that in
Figure 5, for simplicity we use the 802.11ac MCS notation
for 802.11n too, i.e., we only use MCS 0-7 combined with
SS/DS instead of the full range of MCS 0-15 used in 802.11n.

Throughput In Figures 5(a), 5(d), 5(g) we observe that for
a given MCS, using DS offers a slightly lower throughput
increase compared to doubling the channel width in both
802.11n and 802.11ac. The maximum throughput achieved
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with 802.11n (MCS 7, 40 MHz, DS) in Rx/Tx mode is 172/180
Mbps (63/66% of the corresponding PHY bitrate) and for
802.11ac (MCS 9, 80 MHz, DS) is 443 Mbps (57% of the
PHY bitrate). The best Rx throughput with 802.11ac is 158%
higher than the best throughput with 802.11n. Note also that
Galaxy S5 exhibits the same abnormal behavior as Galaxy S4
in SS mode: low Tx throughput with MCS 0 and a 40 MHz
channel in 802.11n and high Rx power consumption with MCS
3 and all three channel widths in 802.11ac.

Power/Energy consumption In Figures 5(b), 5(e), 5(h), we
observe that, for a given MCS, receiving or transmitting a
second spatial stream increases power consumption. How-
ever, the increase is almost always lower than the increase
caused by doubling the channel width. Consequently, Fig-
ures 5(c), 5(f), 5(i) show that DS is a more energy efficient
option than using wider channels. The same observation was
made in [15] for an 802.11ac mini-PCle card. In contrast, [5]
reached the exactly opposite conclusion for an 802.11n mini-
PCle card. Finally, combining DS and CB is the most energy
efficient option for both 802.11n and 802.11ac.

Another interesting comparison is across configurations
that offer the same/similar bitrate. For example, for the same
channel width, such configurations are (MCS 1, SS) and (MCS

mcs

(h) 802.11ac Rx power consumption.

5 6 7 8 9

(i) 802.11ac Rx energy consumption.

802.11n/ac throughput, power, and energy per bit comparison for Galaxy S5 with SS/DS and 20/40 MHz channels. FA is always enabled.

0, DS), (MCS 3, SS) and (MCS 1, DS), (MCS 4, SS) and (MCS
2, DS), (MCS 5, SS) and (MCS 3, DS), (MCS 8, SS) and
(MCS 4, DS). These configurations have very similar power
consumption; the difference is less than 5% in most cases and
at most 12% (802.11ac, 80 MHz). Since these configurations
offer very similar throughputs, their energy per bit cost is also
similar (Figures 5(c), 5(f), 5(i)). Overall, we conclude that
for configurations with same bitrate and channel width, the
number of spatial streams has a minimal impact on power
consumption. [5] reached a similar conclusion only for the
Rx operation. As we already mentioned in Section V, this
result indicates that the phone may be using two antennas
even in the case of SS (MIMO spatial diversity). In contrast,
for configurations with similar bitrate and same number of
streams, e.g., (MCS 1, 20 MHz) and (MCS 0, 40 MHz), wider
channels increase power consumption (by 15-20% in most
cases).

Remark: Our conclusions about higher MCS, wider channels,
and MIMO in Sections VI, VII, VIII hold for the case of
a strong link and under the assumption that the user desires
the maximum possible throughput (e.g., in the case of a
file download). These conclusions may change in different
scenarios, e.g., with weak links or when the application limits
the source rate.
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IX. DiscussioN

Three main factors responsible for throughput gains of
802.11n/ac are larger channel widths, larger number of MIMO
spatial streams, and more aggressive MCS. All three factors
can achieve a similar increase in throughput; for example, one
can approximately double throughput by doubling the channel
width, doubling the number of spatial streams, or changing
MCS - e.g., from MCS 0 (BPSK-1/2) to MCS 1 (QPSK-
1/2), while keeping the other two factors unchanged. However,
different options for achieving similar throughput gains may
result in very different power consumption. In this section, we
compare these three mechanisms — CB, MIMO, and MCS —
in terms of power consumption. We consider two cases.

Case 1: Backlogged traffic Here we continue with the
assumption made throughout the paper, i.e., the application
sends backlogged traffic at the maximum possible rate, limited
only by the PHY bitrate. Figure 6 summarizes the results
from Sections VII, VIII for 802.11ac plotting the percentage
increase in power consumption vs. the percentage increase
in throughput for Galaxy S4 and Galaxy S5 in three cases:
(1) increasing the channel width with SS and MCS 0, (ii)
increasing MCS with SS and 20 MHz channel width, and (iii)
(only for Galaxy S5) increasing the number of spatial streams
with MCS 0 and 20 MHz channel width.

We observe that for both phones increasing MCS is the
most power efficient option and increasing channel width is
the least power efficient. For example, for a 100% throughput
increase using the Galaxy S5 (S4) phone, the power increase
is only 8% (4%) when increasing MCS from 0 to 1, 10% when
changing from SS to DS, but 24% (20%) when increasing the
channel width from 20 MHz to 40 MHz. If we look at the
maximum possible throughput increase with each of the three
factors for Galaxy S5 (S4), we observe that by increasing the
MCS from 0 to 8, we can achieve an 11x throughput increase
at the cost of only 57% (39%) increase in power consumption.
In contrast, increasing the channel width from 20 MHz to 80
MHz results in a 3.5x throughput increase at the cost of 101%
(44%) increase in power consumption. The same finding is
reported in [15] for a mini-PCle wireless card and only for
the case of channel width vs. number of streams.

Case 2: Impact of idle listening In practice, the application
often limits the sending data rate. In such cases, the WiFi
radio remains idle for a fraction of time between packet

transmissions/receptions and the total power consumption is
a weighted sum of the idle and active (Rx/Tx) power con-
sumption. Figures 7(a), 7(b), 7(c) compare the per bit Rx
energy consumption as a function of the source data rate
for different channel widths, number of spatial streams, and
MCS, respectively, when the other two parameters remain
fixed. In each case, we only considered source rates that can be
accommodated by the corresponding MAC/PHY configuration.

Figure 7(a) shows that for a given source rate, the energy
per bit is higher for wider channels. For example, at a source
rate of 60 Mbps, an 80 MHz channel width in Galaxy S4 (S5)
consumes 16% (15%) more power compared to 40 MHz and
40% (35%) more power compared to 20 MHz. Although a
wider channel can receive faster, allowing the WiFi radio to
remain idle most of the time, the power consumption in idle
mode is higher with wider channels (Section V) and dominates
the overall power consumption. The same observation was
made in [15].

Different from Figure 7(a), Figure 7(b) shows that using a
second spatial stream has no impact on the power consumption
for a given source rate. Finally, Figure 7(c) shows that higher
MCS indices have no impact for low source rates when the
idle power dominates (remember from Section V that idle
power remains the same for different MCS) but are less power
efficient for source rates higher than 30 Mbps (when the Rx
power starts dominating). At a source rate of 30 Mbps, MCS
8 in Galaxy S5 consumes 10% more power than MCS 5.

Overall, we conclude that for low source data rates, when
idle power dominates, faster configurations may not always
be the most energy efficient option, especially when they
involve wider channels. This observation suggests the need for
better power saving schemes that will reduce the idle power
consumption with wider channels or will allow the radio to
micro-sleep between packet receptions, e.g., [29].

X. CONCLUSION

We presented the first detailed experimental study of
802.11n/ac throughput and power consumption in smart-
phones. We found that different generations of smartphones
can have very different power profiles and, contrary to our ex-
pectation, more recent smartphone models are not always more
power efficient, even when they come from the same manu-
facturer. We investigated the power consumption in various
states of the wireless interface, the impact of various features
of 802.11n/ac on both throughput and power consumption,
and the tradeoffs between these two metrics. Among the three
main factors responsible for throughput gains in 802.11n/ac —
larger channel widths, larger number of MIMO spatial streams,
and more aggressive MCS — we found that increasing MCS is
the most power efficient option and increasing channel width
is the least power efficient. We also found that the most
power efficient configuration is not always the most energy
efficient. When the application desires maximum throughput
and the source data rate is only limited by the PHY bitrate,
faster configurations combining FA, wider channels, higher
MCS, and DS always result in lower energy per bit cost,
i.e., the race-to-sleep heuristic always holds true. On the other
hand, with low source data rates idle power dominates and
faster configurations may not always be more energy efficient,
especially when they involve wider channels.
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We believe that these findings will improve understanding
of various performance and power consumption issues in to-
day’s smartphones and will guide the design of power efficient
protocols for the next generation of mobile devices.
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