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ABSTRACT
Beamforming is vital to overcome the high attenuation in

wireless millimeter-wave networks. It enables nodes to steer

their antennas in the direction of communication. To cope

with complexity and overhead, the IEEE 802.11ad standard

uses a sector codebook with distinct steering directions. In

current off-the-shelf devices, we find codebooks with generic

pre-defined beam patterns. While this approach is simple

and robust, the antenna modules that are typically deployed

in such devices are capable of generating much more pre-

cise antenna beams. In this paper, we adaptively adjust the

sector codebook of IEEE 802.11ad devices to optimize the

transmit beam patterns for the current channel. To achieve

this, we propose a mechanism to extract full channel state in-

formation (CSI) regarding phase and magnitude from coarse

signal strength readings on off-the-shelf IEEE 802.11ad de-

vices. Since such devices do not expose the CSI directly,

we generate a codebook with phase-shifted probing beams

that enables us to obtain the CSI by combining strategically

selected magnitude measurements. Using this CSI, trans-

mitters dynamically compute a transmit beam pattern that

maximizes the signal strength at the receiver. Thereby, we

automatically exploit reflectors in the environment and im-

prove the received signal quality. Our implementation of this

mechanism on off-the-shelf devices demonstrates that adap-

tive codebook optimization achieves a significantly higher

throughput of about a factor of two in typical real-world

scenarios.
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1 INTRODUCTION
Designing wireless communication systems that operate at

very high frequencies such as the 60 GHz band is technically

challenging. For instance, phased antenna arrays are hard to

manufacture [13, 24] and phase noise plays a significant role

[5, 37]. As a result, system designers often resort to simple

yet sub-optimal solutions. This is the case for certain mech-

anisms such as analog beamforming in the IEEE 802.11ad

standard for communication at 60 GHz. Beamforming is

crucial for such systems since devices must use directional

communication to overcome the very high path loss in the

millimeter-wave band and reach the receiver. However, the

standard is limited to a basic beamforming mechanism based

on a codebook of generic beam patterns. Such patterns are

envisioned to have the shape of uniform sectors and cover

the entire azimuth range of the device. That is, instead of

beamforming towards a specific direction, devices choose

the beam pattern out of their codebook which provides the

highest gain in that direction.

Beam training, also called Sector Level Sweep (SLS) in

infrastructure-based 802.11ad networks, works as follows.

The Access Point (AP) transmits beacon messages using each

of its available beam patterns sequentially, while the station

(STA) listens with a quasi-omnidirectional beam pattern.

After that, the STA repeats the same process but includes in

each of its messages the identifier of the beam pattern that

it received best from the AP. Finally, the AP replies with the

identifier of the best beam pattern of the STA in a dedicated

https://doi.org/10.1145/3241539.3241576
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control message. While this mechanism is straightforward,

it clearly does not exploit the full potential of the antenna

array of IEEE 802.11ad devices. First, none of the available

beam patterns in the codebook may steer exactly towards

the receiver. Second, strong reflectors in the environment

may remain unused even though they could contribute to

the received signal strength. Third, existing reflections may

result in destructive interference at the receiver, causing

significant harm to the communication. If devices were to

adapt their beam patterns to the specific environment in

which they operate, they could easily mitigate the above

issues. However, this requires full Channel State Information

(CSI) at the transmitter, which is particularly challenging to

obtain in millimeter-wave systems. The reasons are twofold.

First, the feedback overhead of full CSI is significant. Second,

devices must probe enough orthogonal beam patterns to

cover all of the dimensions of the channel. The channel

information extracted from all of the probesmust be coherent

in phase. In particular, achieving such phase coherence over

different probes in consumer-grade devices is non-trivial.

In this paper, we design a mechanism that enables full CSI

extraction on consumer-grade Commercial Off-The-Shelf

(COTS) IEEE 802.11ad devices using only non-coherent signal-

to-noise ratio (SNR) measurements. It allows us to fully ex-

ploit the capabilities of phased antenna arrays in such de-

vices. Our Adaptive Codebook Optimization (ACO) mecha-

nism probes the channel using carefully engineered beam

patterns that allow devices to extract both amplitude and

phase information from simple SNR readings. Obtaining the

SNR is required by the IEEE 802.11ad standard to select the

best beam during the sector sweep. Hence, measurements

of this metric are supported on all IEEE 802.11ad devices

which makes ACO widely applicable. Specifically, ACO mea-

sures the relative phase among the elements of the antenna

array of a node. Figure 1 depicts a toy example of ACO for

an antenna array with two-bit phase shifters per antenna

element. ACO defines one of the elements of the array as

a reference R. To measure the relative phase to an element

E, it switches on R and E, keeping all other elements off. It

then transmits one probe frame for each of the four possible

values of the phase shifter at E. As shown in Figure 1, the

complex gains of R (blue) and E (red) sum up (sum shown in

black) for each of the four probes. However, the receiver only

observes the resulting amplitude in terms of received signal

strength. Since the four probes cover a 2π phase range, the

four powers must lie on a sinusoidal curve. Our key insight

is that the initial phase of that curve is directly related to the

relative phase among R and E. ACO exploits this property

using Fourier analysis to reconstruct the sinusoidal curve

and compute the phase shift δ . Figure 1 shows an example

for δ = π/4. Repeating the process for each element of the

antenna array, ACO can compute the full CSI.

0 π/2 3π/2 2π

measure power

π

relative
 phase

reference power

reference signal sum of signalssignal from single element

measure power measure power measure power

constellation
without shift

constellation
with shift by π/2 

constellation
with shift by π 

constellation
with shift by 3π/2 

Figure 1: ACO toy example. The upper part shows the
signal constellations with four different phase shifts
at a single antenna element, whereas the lower part
illustrates how ACO derives the relative phase using a
sinusoidal curve.

The above technique is the core of ACO. Using the com-

puted CSI, ACO derives beam patterns that maximize the

SNR, exploit reflections, and prevent destructive interference.

However, the toy example in Figure 1 may raise a number of

concerns which we discuss below. In this paper, we develop

ACO to address these concerns effectively.

(1) Overhead. ACO requires at least four probes per an-

tenna element, which increases the probing overhead

compared to a codebook of generic beam patterns.

However, in practice, only a subset of the antennas

of the array has a significant impact. We show that

obtaining the CSI for just a subspace of the channel

is sufficient in most cases. As a result, (a) the prob-

ing overhead is similar to that for pre-defined generic

beam patterns (i.e., IEEE 802.11ad SLS), and (b) the

feedback overhead is limited.

(2) Performance.ACO transmits using only two antenna

elements simultaneously during the probing phase. For

long links, the resulting transmit power may not be

sufficient to reach the receiver, and thus the CSI mea-

surement may fail. To address this issue, we extend

the basic approach in Figure 1 to use not just single an-

tenna elements but entire beam patterns. This enables

ACO to operate also on low SNR links.

(3) Accuracy. In our toy example, ACO probes each possi-

ble value of the phase shifters. The resulting overhead

is limited for two-bit phase shifters but would increase

significantly for higher-resolution hardware. However,

ACO only needs four samples to reconstruct the si-

nusoidal curve in Figure 1. To keep the overhead low,
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ACO only probes four phase shifts even if more com-

binations are possible.

We implement ACO on commodity COTS hardware. To

this end, we gain full access to the beamforming control

of the TP-Link Talon AD7200 60 GHz router. This device

features a Qualcomm QCA9500 chipset that implements the

IEEE 802.11ad standard. We disassemble the phased antenna

array of the device to understand its structure and experi-

mentally reconstruct the antenna weighting network. This

enables us to set arbitrary beam patterns on the antenna.

However, ACO itself does not require any information about
the antenna structure to operate. Obtaining the weighting

network of the QCA9500 60 GHz solution is a valuable contri-

bution to the community in itself since Qualcomm’s chipset

has become a major research platform in the field [34, 39].

We modify the sector sweep behavior of the router to in-

clude the custom beam patterns that enable ACO. We embed

ACO in the regular operation of the router, that is, we do
not obtain our results in post-processing but as part of the

normal data transmissions in our testbed. This enables us to

quantify the performance of ACO in terms of SNR, data rate,

and throughput using the Transmission Control Protocol

(TCP). Our contributions are as follows:

• We design ACO, a method to obtain full CSI in terms

of phase and amplitude using only SNR measurements.

The key to our method is obtaining SNR values that

resemble a discrete Fourier decomposition.

• We implement our method on commodity 60 GHz

hardware. To this end, we disassemble a COTS 60 GHz

router and modify its sector sweep behavior.

• We evaluate ACO in a real-world office environment

and show that it achieves on average 2.5× higher SNR

as well as up to 2× higher throughput.

2 ADAPTIVE CODEBOOK
OPTIMIZATION

In the following, we define the architecture and the op-

eration of ACO. For illustration purposes, we consider an

infrastructure-based IEEE 802.11ad network. However, ACO

is not limited to such networks but is applicable to any

millimeter-wave link. In our case, both the AP and the STA

can benefit from ACO for beamforming.

Figure 2 depicts a schematic overview of the operation of

ACO, which consists of two phases: initialization and contin-

uous adaptation. In the initialization phase, devices discover

each other and establish a connection using the default IEEE

802.11ad procedure based on generic beam patterns. After

that, ACO exhaustively probes all of the antenna elements

of the array. This one-time overhead allows ACO to obtain

the full CSI and to determine which of the elements con-

tribute most to it. Based on this information, ACO restricts
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Regular IEEE 802.11ad connection setup

Exhaustive probing of antenna elements

Obtain beam pattern that maximizes SNR

Measure strongest elements in subspace

Update beam pattern that maximizes SNR

Determine relevant channel subspace

Explore random elements not in subspace

Update relevant channel subspace

Figure 2: ACO operation with processing (gears sym-
bol) and communication (antenna symbol) steps.

the following channel measurement to those elements. This

reduces the probing overhead significantly and allows ACO

to focus on the subspace of the channel which is relevant for

a certain physical environment. To determine which and how

many antenna elements N to use, ACO maximizes the ex-

pression in Equation 1, where ak is the amplitude of antenna

k and antenna elements are ordered by strength.

N = arg max

n

(∑n
k=1

ak
)

2

n
(1)

To complete the initialization phase, ACO obtains the beam

pattern that maximizes the SNR within the computed sub-

space and uses it for regular communication. After that, ACO

proceeds to the continuous adaptation phase, which allows

ACO to readjust the beam pattern as the CSI and the envi-

ronment change during on-going communication. Similarly

to IEEE 802.11ad, ACO probes the channel periodically but

limits the channel measurement to the strongest antenna ele-

ments and thus to the current subspace. However, the subset

of relevant antenna elements may change if the environment

changes due to, e.g., user mobility. To adapt to such changes,

ACO divides its periodic channel probing sweep into a mea-

surement part and an exploration part. The channel measure-

ment is performed over the subspace of strongest antennas,

whereas the exploration part probes a subset of randomly

chosen antenna elements to identify potential changes in the

relevant channel subspace. As shown in Figure 3, ACO can

choose the overall duration of the sweep such that its dura-

tion is equivalent to a regular IEEE 802.11ad sector sweep.

Still, if full CSI is desired, ACO can easily be reconfigured

to probe all antenna elements at the expense of higher over-

head. After each periodic sweep, ACO recomputes the beam

pattern that maximizes the SNR and data communication
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Regular 802.11ad Sector Sweep

ACO Sweep

Probing of generic beam patterns

Measurement part Exploration part

Figure 3: ACO sweep compared to the IEEE 802.11ad
sector sweep.

continues. The complexity of the processing steps shown in

Figure 2 is negligible due to the very high computational effi-

ciency of our method (see Section 4). This enables ACO to op-

erate both on powerful APs as well as resource-constrained

STAs.

3 SYSTEM MODEL
To formally define the operation of ACO, we introduce our

system model in this section. Specifically, we define the fol-

lowing antenna and channel models.

3.1 Antenna Model
For both the transmitter and the receiver, we consider a

phased antenna array that implements analog beamforming.

That is, all antenna elements are connected via a network of

amplifiers and phase shifters to a single radio frequency (RF)

chain. This type of beamforming is widely used in COTS

60 GHz hardware since more advanced architectures such

as digital or hybrid beamforming are not cost-efficient. We

allow for both regular and irregular antenna element layouts.

3.2 Channel Model
Given a transmitter tx that sends a signal x towards a re-

ceiver rx, the received signal can be expressed as

y = cHHpx + cHN, (2)

where c and p are the complex gains of the antennas at rx

and tx respectively, and N is uncorrelated additive white

noise received at each antenna with variance σ 2
. The channel

H reflects the propagation effects. We consider the geometric

channel model that is widely used in the millimeter-wave lit-

erature. Given a set of L different paths from the transmitter

to the receiver, we can represent the channel as:

H =
√
Pt

L∑
l=1

αlaRX(vl )aTX(wl )
H
, (3)

where Pt is the transmit power, L is the number of paths,

αl is the complex gain, vl ,wl are unitary vectors of arrival

and departure for the l th path, and aTX : S → CNTX×1
as

well as aRX : S → CNRX×1
are the steering vectors at TX and

RX respectively. We assume no prior knowledge regarding

the steering vectors aTX and aRX because they are typically

unknown for COTS devices. Further, we denote the receiving

channel for a fixed c as hRX = cHH. Thus, the received

signal can be written as y = hRXpx + cHN. Conversely, the
transmitting channel for a fixed p is hTX = Hp and hence

y = cHhTXx + cHN. Based on these definitions, we can

compute the received signal power as |hRXp|2 or |cHhTX |
2
,

and the received noise power as ∥c∥2σ 2
. In Table 1, we list the

mathematical symbols that are used throughout this paper.

While COTS devices may provide SNR or RSSI values, they

typically do not expose detailed signal power measurements.

Since ∥c∥ is a constant value, we define ∥c∥2σ 2 = 1 as noise

power reference. Using this definition along with the well-

known formula of the SNR in logarithmic units, we obtain

that the received signal power is |hRXp|2 = 10

SNR

10 .

4 CHANNEL MEASUREMENT ON
OFF-THE-SHELF DEVICES

Based on the system model introduced in Section 3, in the

following, we detail the design of the core component of

ACO, that is, retrieving complex gains from simple signal

strength readings. This is particularly challenging because

commodity COTS devices use cost-efficient components that

do not allow for exact amplitude and phase measurements.

To address this limitation, we transmit multiple probes with

different phase shifts and use this information to reconstruct

the full CSI, as sketched in Section 1. Figure 1 summarizes

this procedure.

To enable the above measurement, ACO needs to retrieve

the complex gain of each antenna hRX. However, obtain-

ing the actual value of hRX is impossible because any set of

measurements explained by hRX can also be explained by

αhRX where α is any complex number with unitary modulus.

Thus, ACO computes hRX relative to a given p in terms of

phase shift. That is, we assume that arg(hRXp) = 0. This

Table 1: List of used symbols.

Symbol Description

k Antenna index

H Channel matrix

hTX Transmission channel matrix

hRX Reception channel matrix

c Reception beam pattern

p Transmission beam pattern

p′ Unnormalized transmission beam pattern

x Signal

N Noise matrix

m Measurement index

a Measurements matrix, where each [a]m corresponds to pm
f Measurements matrix discrete Fourier transform

Γ |[f]1 |
∆ |[f]2 |
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is not a problem because we only need the relative phases

among antenna elements to measure path interactions and

compute beamforming weights that maximize the SNR. Fur-

ther, determining the actual value of hRX is not useful in

practice because the phase of hRX can change by a full π
rad if the length of the link changes by half a wavelength,

which for 60 GHz is less than two millimeters. That is, any

slight movement would invalidate the result. Fortunately,

ACO only requires relative phase shifts.

4.1 Complex Gain Retrieval
The intuitive explanation in Figure 1 depicts how ACO mea-

sures relative phase shifts among individual antenna ele-

ments. In Section 4.1.1 we formalize this procedure. Using

such individual antenna elements translates into estimating

the channel with quasi-omnidirectional beam patterns. This

approach is highly effective on high SNR links and is im-

mune to sudden changes in the environment. For instance, if

the alignment among devices changes abruptly, using quasi-

omnidirectional beam patterns allows ACO to react instantly

to the change. Since millimeter-wave communication is typ-

ically restricted in range (e.g., within a room), the high SNR

case is common.

Nevertheless, we extend ACO in Section 4.1.2 such that it

can also operate in low SNR cases. To this end, we generalize

the approach in Figure 1 such that the reference signal is

generated not only by a single antenna element but via a di-

rectional beam pattern. This beam pattern provides a higher

SNR than the omnidirectional reference, but only allows to

retrieve the complex gain in specific directions. The underly-

ing concept is identical but the analytical definition changes.

We formalize this approach in Section 4.1.2. Further details

on the mathematical derivation of both approaches can be

found in the accompanying technical report [26].

4.1.1 Quasi-Omnidirectional Estimation. We identify each

of the elements on the antenna array using index k . Further,
we define the index of the reference antenna R (see Section 1)

as
¯k . We divide the procedure to retrieve the complex gain

into the measurement of (a) the amplitude and (b) the phase.

(a) Amplitude Measurement. Measuring |[hRX]k | ∀k is

straightforward since ACO only needs to transmit probes

switching on one element at a time, as defined below.

[p′]k ′ =

{
0 k ′ , k
1 k ′ = k

, p =
p′

∥p′∥
. (4)

In the remainder of this subsection, we use the prime symbol

to refer to the non-normalized version of a beam pattern. As

per Section 3.2, ACO obtains the amplitude as |[hRX]k |
2 =

|hRXp|2. Based on the result, ACO defines as reference ele-

ment
¯k the element with the largest amplitude.

(b) Phase Measurement. Next, we need to obtain the phase

shift of each element, except for the reference
¯k , which by def-

inition has zero phase. That is, we obtain arg[hRX]k , ∀k , ¯k .
Since wemeasure the relative phase of element k , ¯k with re-

spect to
¯k , we need to enable both antennas k and

¯k ′
. We then

probe the phase values [p′]k ∈ {1, i,−1,−i} while [p′] ¯k = 1

and all other components are 0. We then group the measure-

ments |hRXpm |2 in a vector of four components a ∈ R4×1

where [p′
m]k has the values 1, i,−1,−i for [a]1, [a]2, [a]3, [a]4,

respectively. That is, each element in a contains the sum of

two signals—the signal transmitted by the reference antenna

element
¯k and the signal transmitted by measured antenna

element k for one out of four possible phase shiftsm. We can

reformulate this as in Equation 5.

[a]m = |hRXpm |2 = | 1√
2

([hRX] ¯k + [hRX]ke
(m−1) π

2
i )|2

= 1

2
|[hRX] ¯k + |[hRX]k |e

(arg[hRX]k+(m−1) π
2
)i |2

= Γ + 2∆ cos(arg[hRX]k + (m − 1) π
2
)

= Γ + ∆e(arg[hRX]k+(m−1) π
2
)i + ∆e−(arg[hRX]k+(m−1) π

2
)i

= Γ + ∆earg[hRX]k ie(m−1) π
2
i + ∆e−arg[hRX]k ie−(m−1) π

2
i

,

(5)

for Γ =
[hRX]

2

¯k
+ |[hRX]k |

2

2
and ∆ =

[hRX] ¯k |[hRX]k |

2
. This is a wave

decomposition expression. Hence, the fast Fourier transform

of a defined as f = FFT(a) has the expression

f = [Γ,∆earg[hRX]k i , 0,∆e−arg[hRX]k i ]T . (6)

This means that the phase shift of antenna k with respect to

¯k is arg[f]2, i.e., the phase of the second element of the fast

Fourier transform of the received signal strength vector a.
The above approach is feasible whenever the transmitter

can reach the receiver using the quasi-omnidirectional beam

pattern given by switching on only the reference antenna el-

ement
¯k . The stronger ¯k , the more accurate is the estimation

of the phase shift. As described in Section 2, we define a mea-

surement codebook that contains the required phase shifts

to compute the phase for all of the elements of the antenna.

The number of probes in the ACO sweep (see Figure 3) is

directly related to N , which is the overall number of antenna

elements probed in the measurement and the exploration

parts of the sweep.

• For antenna element
¯k , we only need one probe be-

cause we define it as a phase reference and thus we

only measure its amplitude. Its relative phase is zero.

• For all other antenna elements, we need one probe to

measure its amplitude and four additional probes to

obtain its relative phase with respect to
¯k .

Thus, the ACO sweep contains a total of N + 4(N − 1)

probes to measure the complex gain of N antenna elements.

4.1.2 Directional Estimation. In the following, we discuss

an extension of our approach in Section 4.1.1 for the low SNR

case. Intuitively, instead of using a single antenna element
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as a reference, we resort to a beam pattern p. Due to the

higher directionality compared to the quasi-omnidirectional

case, this results in much higher received signal strength

during the channel estimation. Beam pattern p is typically

one that the transmitter used earlier for communication. For

instance, ACO could use one of the generic beam patterns

of the device. Based on this, p is suitable as a reference if

p has higher directionality than any single antenna beam

pattern even when switching off that antenna. That is, if we

set any k and define p̄ as [p̄′]k ′ = [p′]k ′ for any k
′ , k and

[p̄′]k = 0, then |hRXp̄| > |[hRX]k |. This condition is likely to

hold for a generic beam pattern selected for communication

since it is very probable that such a beam pattern has a

higher gain than a quasi-omnidirectional one. Since ACO

uses hRXp as the phase reference, we define its phase to be

zero, that is, arg(hRXp) = 0. Based on the above definitions,

we compute the amplitude and the relative phase for antenna

element k . We distinguish two cases: (a) a simple case when

antenna element k is switched off in the reference p, and (b)

an analytically harder case when k is on in p.

(a) Antenna element k is off in p. Since element k is off,

[p]k = 0. We define pm such that [p]k ′ = [pm]k ′ ∀k ′ , k
with [p′

m]k = 1, i,−1,−i form = 1, 2, 3, 4, respectively. That
is, we probe all possible phase shifts for antenna k . Next, we
follow the same approach as in Equation 5 but substitute

[hRX] ¯k with hRXp. The result for the phase is equivalent,

that is, the relative phase shift of antenna element k is again

arg[f]2. However, the amplitude is harder to measure since

we cannot measure each antenna element individually. To

compute it, we resort to Γ and ∆, which for the directional

case are as defined in Equation 7.

Γ =
(hRX p)2+ |[hRX]k |

2

( ∥p′ ∥2+1)
∆ =

(hRX p) |[hRX]k |

( ∥p′ ∥2+1)
(7)

Per Equation 6, both Γ and ∆ are known since we can obtain

them directly from the fast Fourier transform of the ampli-

tude measurements a. Thus, Equation 7 is a quadratic system

of equations from which we can compute |[hRX]k |. Further,

since hRXp ∈ R > |[hRX ]k |, the system has two real-valued

solutions as shown in Equation 8.

hRXp + |[hRX]k | =
√
(Γ + 2∆)(∥p′∥2 + 1)

hRXp − |[hRX]k | =
√
(Γ − 2∆)(∥p′∥2 + 1)

. (8)

Rearranging Equation 8 and substituting Γ and ∆ with the

coefficients of the fast Fourier transform of a, we obtain the

amplitude of the complex gain as in Equation 9.

|[hRX]k | =

√
∥p′∥2 + 1

2

(
√
[f]1 + 2|[f]2 | −

√
[f]1 − 2|[f]2 |).

(9)

(b) Antenna element k is on in p. Since element k is on,

[p]k , 0.We again probe all possible phase shifts for antenna

k , that is, we set [p′
m]k = 1, i,−1,−i form = 1, 2, 3, 4, group

measurements into a variable a, and compute f = FFT(a).
We obtain the amplitude and phase of antenna element k fol-

lowing an approach along the lines of (a). Since the detailed

analysis is similar but more protracted than in (a), we do not

discuss the details but directly give the analytical expression

for the amplitude in Equation 10 and the one for the relative

phase in Equation 11.

|[hRX]k | =
∥p′∥

2

(
√
[f]1 + 2|[f]2 | −

√
[f]1 − 2|[f]2 |) (10)

arg[hRX]k = arg[f]2 − arg

(
γ + |[hRX]k |[p′]ke

arg[f]2
)
. (11)

In Equation 11, parameter γ is defined as in Equation 12

and is used to substract the phase contribution to the beam

pattern p of the antenna that we are measuring.

γ =
∥p′∥

2

(
√
[f]1 + 2|[f]2 | +

√
[f]1 − 2|[f]2 |). (12)

Similarly to the quasi-omnidirectional case in Section 4.1.1,

we define a measurement codebook that contains the re-

quired phase shifts to compute the complex gains of the

relevant antenna elements. However, in this case, the num-

ber of required probes depends on whether each antenna

element is on or off in the reference beam pattern p.
• If the element is on in p, we need to measure p and

three additional probes with changing phase shifts.

• If the element is off in p, we need to transmit four

probes to compute its relative phase and amplitude.

Thus, the ACO sweep contains a total of 1 + 3Non + 4Noff

probes, where Non/Noff is the number of antenna elements

that are on/off in reference p, respectively.

4.2 Channel Matrix Computation
Using the methods introduced in Section 4.1, ACO can com-

pute hRX and analogously hTX. That is, it can obtain the

receiving and the transmitting channel. In the following, we

formulate how both can be combined to obtain the full CSI

H of the measured subspace. Since both hRX and hTX are rel-

ative values, we multiply them with unitary complex values

δ and λ to model the unknown relative phase shift, obtaining

hRX = δcHH and hTX = λHp. For each antenna element

k ∈ 1, 2, . . . ,N in the subspace, we rearrange the measured

complex gain of the transmit and the receive channel into the

matrices GTX and GRX, respectively. Specifically, we stack

them as [GRX]k, : = δk [W]H
:,kH and [GTX]:,k = λkH[W]:,k ,

whereW is a matrix that we define asW ∈ CN×N
. Based on

this definition, we can formulate GRX and GTX as follows:

GRX = DδWHH (13)

GTX = HWDλ , (14)
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where [Dδ ]k,k = δk and [Dλ]k,k = λk are diagonal matrices.

Next, we relate the above formulation to the singular-value

decomposition (SVD) of the channel. To this end, we define

USVH = H, URXSRXVH
RX
= H, and UTXSTXVH

TX
= H to be

the SVD of H,GRX and GTX respectively. Since Dδ ,Dλ are

unitary diagonal matrices and thus orthogonal, this means

that DδWHU and WHDH
λ V are orthogonal if and only if W

is orthogonal. UnlessH contains two equal non-zero singular

values, which is a zero-probability event, we have that its

economic SVD decomposition is unique and translates into

the following expressions:

S = SRX = STX (15)

VRX = V UTX = U (16)

URX = DδWHU VTX =WHDH
λ V . (17)

Thus, we can compute the CSI as H = UTX

√
SRXSTXVRX,

where the square root is computed element-wise. For the

above to be valid,Wmust be an orthogonal matrix such that

each column [W]:,k is a feasible analog configuration. To

this end, we can use a Hadamard matrix with entries {−1, 1}
that has been normalized to satisfy power constraints.

4.3 SNR Maximizing Beam Patterns
Based on the measured CSI, ACO computes the beam pattern

p that maximizes the SNR. As discussed in Section 3.2, the

received signal strength is |hRXp|2. Thus, the beam pattern

p that maximizes the expression is derived from the equality

condition of the Schwartz inequality as p = hH

RX
/∥hRX∥. Due

to hardware constraints, we round p to match the device res-

olution. Since hRX is known, ACO can compute the optimal

p as explained before. Since ACO only requires an FFT and

simple element-wise matrix operations, its additional com-

putational complexity is minimal. Thus, ACO computes the

optimal beam pattern in a highly efficient manner and can be

executed even on highly constrained hardware components.

5 EXPERIMENT PLATFORM
We implement and evaluate our scheme on off-the-shelf IEEE

802.11ad devices that incorporate phased antenna arrays.

We obtain control over the antenna array to adjust steering

parameters, without requiring any hardware modifications.

In the following, we describe the system architecture of our

platform, the utilized antenna module, and how to control

the antenna beam steering.

5.1 System Architecture
Only a few consumer devices can communicate in the 60 GHz

band and support IEEE 802.11ad. One of them is the TP-

Link Talon AD7200 tri-band router that uses a Qualcomm

QCA9500 IEEE 802.11ad Wi-Fi chip. It features an antenna

array with 32 elements that are individually controllable in

phase and amplitude. Control over the antenna is encapsu-

lated in the firmware of the Wi-Fi chip, and only limited

access is exposed to the host operating system and device

driver. To obtain access to the antenna steering properties,

as well as the IEEE 802.11ad beam training operation, we uti-

lize the framework for practical IEEE 802.11ad research pro-

posed in [33, 34]. This framework comes with a customized

LEDE/OpenWrt image to provide open access to the operat-

ing system, network interfaces, and device drivers. Using the

binary firmware patching framework (nexmon-arc) [33], ad-

ditional features can be directly implemented in the firmware

of the Wi-Fi chip.

5.2 Sector Level Sweep
The SLS is the standard beam training mechanism in IEEE

802.11ad and implemented in the firmware of the QCA9500

chip. It uses a set of predefined antenna configurations, the

so-called sectors. These sectors are designed such that their

beam patterns cover the entire azimuth to allow for an effec-

tive scanning of devices in proximity. We briefly discussed

the operation of the SLS in Section 1. Through firmware

patching, we can extract the SNR and RSSI of received sector

sweep frames and report back custom feedback in the sector

sweep feedback frames.

5.3 Antenna Module
To select antenna steering parameters, we need to obtain

a thorough understanding of the antenna and its steering

capabilities. Qualcomm’s QCA9500 IEEE 802.11adWi-Fi chip

consists of two modules, 1) a baseband IC that takes care of

the signal and frame processing, and 2) an antenna module

with an additional RF-IC that drives the antenna elements

and controls the radiation characteristics. This modular de-

sign allows to flexibly place the antenna module at proper

locations inside a device chassis to minimize radiation im-

pairments. Both modules, the antenna and baseband IC, are

connected with a coaxial cable for bi-directional transfer

of modulated data, control, and clock signals, as well as

power supply for the antenna module. In transmit mode,

the antenna chip mixes up the modulated data signal from

intermediate frequency (IF) to the desired RF channel in the

60 GHz band. In receive mode, the RF signal is mixed down

to IF again. All antenna elements in the array are driven

by an antenna weighting network, which is adjusted by the

external control signal. Currently, only a single RF-chain

is available. The antenna weighting network consists of an

antenna switch, eight distribution amplifiers, 32 edge ampli-

fiers and 32 phase shifters. All of these are controllable from

within the firmware running on the baseband chip. To adjust

the antenna steering, the following six 32-bit parameters are

available:
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• psh_hi: phase shift values for ant. chains [15-0]

• psh_lo: phase shift values for ant. chains [31-16]

• etype0: edge amp. bit 0 for all ant. chains [31-0]

• etype1: edge amp. bit 1 for all ant. chains [31-0]

• etype2: edge amp. bit 2 for all ant. chains [31-0]

• dtype_swch_off: dist. amp. values (3 bits each) + X16

switch bits

A discrete configuration of the antenna with these param-

eters refers to a so-called sector. The current firmware in

version 4.1.0.55 supports 64 different transmit sectors out of

which 35 are defined and used in beam training, as well as

a single receive sector. The definitions for these sectors are

stored in an antenna steering codebook.

The antenna steering codebook and individual sector con-

figurations can be either changed directly in the memory of

the firmware image (hardcoded) or dynamically adjusted dur-

ing runtime. For the latter, the driver exposes specific netlink

vendor commands. By changing the antenna parameters in

the sector configurations, we can change the radiation pat-

terns and gains—a crucial prerequisite to implement adaptive

codebook optimization on off-the-shelf devices.

5.4 Reconstructing the Antenna Layout
Unfortunately, no public documentation for the antennamod-

ule or the baseband chip was available at the time of writing.

Hence, we first had to analyze the internal structure of the

antenna elements experimentally to create specific beam pat-

terns. Each phase shifter in the weighting network is driven

by two consecutive bits from either psh_hi or psh_lo. The

edge amplifiers use a single bit from each of etype0, etype1,

and etype2, while the distribution amplifiers consume three

consecutive bits from dtype_swch_off. The most significant

bits in dtype_swch_off are used to drive the antenna switch.

We developed a parser to extract the parameters for each

element which allows us to easily obtain and adjust the gain

and phase of each antenna element.

By modifying individual parameters, we reconstructed the

structure of the antenna weighting network experimentally.

For example, by iterating over all pairwise combinations

of distribution and edge amplifiers and setting all others to

zero, we found that the first distribution amplifier drives the

first four edge amplifiers, the second distribution amplifier

drives the next four edge amplifiers, and so on. An antenna

is only active if both the corresponding distribution and edge

amplifier are set to non-zero. Similarly, we verified which

phase shifter bits belong to which antenna chain by changing

single values and monitoring the received signal strength

at an unmodified device. The resulting antenna weighting

structure as revealed in our experiments is shown in Figure 4.

By disassembling the antenna from the chip and shield-

ing all except one antenna element, we reconstructed the
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Figure 4: Experimentally reconstructed antenna
weighting network for beam steering inside the
QCA6310 antenna IC, which consists of an antenna
switch, 8 distribution amplifiers (dtype), 32 edge
amplifiers (etype) and 32 phase shifters (psh) to drive
32 antenna elements individually.
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Figure 5: Phased array antenna chip disassembled
from a Talon AD7200. Annotations show the antenna
elements ID of the patch antennas. 14 additional
dipole antennas are invisible from the surface.

3-dimensional layout of the antenna array as well as the

physical element positions as shown in Figure 5. The an-

tenna array consists of 12 patch antennas that are located on

the front surface of the module in a 2 × 6 matrix shape. On

the back side, there are only six patch antennas since the IC

blocks the rest of the surface. The remaining 14 antennas are

dipole antennas and directed towards the sides of the Printed

Circuit Board (PCB). As a result, the three-dimensional lay-

out, as well as its asymmetric assembly, lead to irregular

beam patterns as already discussed in [21, 34].

This know-how of the antenna layout and the capability

to control the weighting network is crucial to understand
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how to optimize the beam patterns in the codebook. It is also

a valuable resource for other researchers using this platform.

6 PRACTICAL IMPLEMENTATION
We implement ACO on the TP-Link Talon AD7200 router

introduced in the previous section.
1
We first discuss in Sec-

tion 6.1 the ACO implementation itself and then provide an

overview on our experiment setup in Section 6.2.

6.1 Prototype Operation
Our prototype consists of an IEEE 802.11ad AP that serves

one or multiple STAs. We use Talon devices to realize both

AP and STAs, since the prototyping framework in [34] al-

lows us to set them to either of those modes. For ease of

experimentation, we control the prototype from a laptop

which is external to the 60 GHz network. All of the devices

that are part of the prototype are connected to a common

2.4 GHz Wi-Fi network that we use to control the experi-

ments. Using this control network, the laptop instructs the

individual STAs to connect to the AP, generates traffic in the

IEEE 802.11ad network, and collects statistics. For simplicity,

we also run certain components of ACO on the laptop, such

as the reconfiguration of the codebooks via the interfaces

described in Section 5.3. However, these portions of the code

could as well run directly on the Talon devices since ACO

has very low computational requirements.

The operation of our prototype is as follows. First, the

control laptop loads the default codebooks of the Talon de-

vices on both the AP and the STAs. Then, it triggers the STAs

to establish a connection to the AP using the regular IEEE

802.11ad procedure. After that, ACO loads an initial measure-

ment codebook on the devices and collects the resulting SNR

readings to compute the transmit beam pattern that maxi-

mizes the SNR for each link. We carry out the process for

AP and STAs, since we analyze both up-link and down-link

traffic in Section 6.2 (and to ensure that acknowledgments

are also sent with the optimized beam patterns). To specifi-

cally optimize the beam patterns under low SNR conditions,

we employ the directional estimation scheme described in

Section 4.1.2. Finally, the control laptop re-configures all

devices with the computed communication beam patterns

and generates traffic in the network. In particular, we use

iperf3 to generate ten seconds of down-link traffic and ten

seconds of up-link traffic on each link. For each experiment,

we repeat this measurement twenty times while we collect

statistics such as TCP throughput, physical layer rate, and

signal quality.

1
The ACO implementation is available at: http://wireless.networks.imdea.

org/downloads-software-and-traces
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Figure 6: Experiment setup in indoor office scenario.

6.2 Experiment Setup
We evaluate ACO in an open-plan office environment (see

Figure 6). The area has a size of 18 × 7.5 meters and is sur-

rounded by twelve individual offices. We deploy one AP

below the ceiling next to the desks in the open-plan area.

Further, we place STAs at 24 different positions within the

room. Out of the 24 locations, 12 correspond to the desks.

For these cases, we orient the STAs such that they mimic

the usual placement of a user’s laptop. Next, we select six

further positions in an area with no desks but still in line of

sight (LOS) of the AP. This enables us to study whether the

desks and the separators among them play a significant role.

Finally, we select six further STA locations behind an isolated

wall that separates the entry area from the open-plan office

space. Those locations are non line of sight (NLOS), which

means that STAs must use reflections to reach the AP.

7 EVALUATION
We evaluate the performance of ACO in the real-world office

scenario described in Section 6.2. Since we focus on the

performance of individual links, we only activate one STA

at a time. We obtain the achieved SNR, the TCP throughput,

IQ constellations, and the expected bitrate.

7.1 SNR Maximization
As discussed in Section 4.3, we design ACO to maximize the

SNR. In the first part of our experiments, we evaluate the

SNR gains that ACO achieves in comparison to IEEE 802.11ad

operation with the default antenna patterns. For both our

optimized beams and the default ones, we measure the SNR

at all locations of our testbed for the up- and down-link.

For ease of comparison, we report the SNR on a linear scale

throughout this section. As shown in Figure 7, we achieve a

SNR of 8.16 for the up-link and 7.53 for the down-link when

using the generic beam patterns. With ACO, we increase the

average linear SNR to 22.06 for the up-link and 19.78 for the

down-link, respectively. The cumulative distribution func-

tion (CDF) of the default beam pattern reveals that 90% of

the measurements have an SNR that is lower than 18. With

http://wireless.networks.imdea.org/downloads-software-and-traces
http://wireless.networks.imdea.org/downloads-software-and-traces
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ACOs optimized beams, we achieve an SNR higher than this

in about 45% of themeasurements. The floor-maps in Figure 8

illustrate the SNR gains that we achieve at the individual

measurement points in our environment. We find that the

distance between AP and STA does not influence ACOs per-

formance. However, the variance among different locations

is high. In some spots, ACO achieves gains of only 50% while

in others the gains are over 500%. Some locations can be

easily reached via reflectors while others cannot. Overall,

we achieve an average gain of 168.61% on the up-link and

159.34% on the down-link.

To validate the high SNR gains, we additionally analyze

the signals at the physical layer. Unfortunately, evaluating

the accuracy of the CSI and how it degrades with SNR is

impossible on the COTS devices themselves. This leaves us

to compare the achievable signal constellations with those

of the default codebook. To this end, we place a Sivers IMA

FC2221V/01 V-band down-converter with a horn antenna

at the location of the receiver and capture the raw samples

using a Keysight DSOS254A oscilloscope. The bandwidth of

the oscilloscope is sufficient to capture the full IEEE 802.11ad

signal, which we decode using the Keysight WidebandWave-

form Center. This enables us to obtain the IQ constellations

of data frames transmitted both with the generic beam pat-

terns and with ACO beam patterns. We show an example in

Figure 9. Both frames in that example were transmitted with

MCS8, which uses a π/2-QPSK constellation. The ACO beam

patterns show a visible accuracy improvement and lead to

constellations that are significantly less noisy than those of

the default beam pattern. This results in fewer symbol errors,

which in turn improves the stability of the link.

7.2 Throughput Improvement
The large SNR improvement in Section 7.1 enables our Talon

devices to switch to a higher MCS. As a result, we obtain sig-

nificant TCP throughput gains when generating iperf3 traf-
fic in the network. Figure 10 depicts the CDF of the achieved

TCP throughput at a LOS location in our testbed. We achieve

gains for both up-link and down-link. For the former, the

average gain of ACO is 58% while for the latter it is 102%.

That is, we double the throughput in the down-link. In Fig-

ure 10, we also show the distribution of the MCS for that

location. As expected, the Talon devices are able to choose

high modulations much more often when using our ACO

beam patterns compared to the generic ones. For instance,

ACO enables MCS8 on the down-link more than 60% of the

time whereas generic beam patterns only reach such a high

MCS 18% of the time.

In Figure 11 we perform a similar analysis for one of the

NLOS locations behind the isolated wall in our testbed (see
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histogram.

Section 6). Due to the wall, the AP and the STA commu-

nicate via a reflection. Our results show that the generic

beamforming mechanism in IEEE 802.11ad performs poorly

in such a scenario, achieving on average only 42.74 Mbps

in the up-link and 314.54 Mbps in the down-link. In con-

trast, ACO achieves on average about 855 Mbps on the same

link in both directions. The MCS distribution in Figure 11

reflects this behavior, showing that IEEE 802.11ad operates

mostly in the range of MCS1 to MCS3, whereas ACO enables

rates beyond MCS4 in most cases. We conclude that ACO is

highly beneficial for IEEE 802.11ad wireless networks and

can achieve order-of-magnitude throughput gains.

7.3 Expected Bitrate
Although we consistently achieve very high SNR gains at

all of the locations in our testbed (see Section 7.1), we only

observe equivalent throughput gains at a subset of those

locations. To understand this effect, we delved into the op-

eration of the Talon AD7200 router. We found that in many

cases the router does not switch to a higher modulation even

though the SNR improves by a factor of three or more. In

particular, we observed that the rate adaptation algorithm

very often does not exceed MCS8 even though the router

implements up to MCS12. As a result, TCP throughput is lim-

ited to about 1.6 Gbps. Figure 12 shows that the throughput

saturates at this value for all of the locations in our testbed,

irrespective of the length of the link and other factors that

could influence signal quality. In exhaustive measurements,

we found that the rate adaptation mechanism of the router

is configured such that MCS configurations beyond MCS8

are disfavored. This is a coherent design decision for the

Talon hardware that comes with certain limitations due to

its inexpensive production. For example, the Gigabit Ether-

net interface limits traffic to one Gigabit per second. The 60

GHz interface is not the bottleneck and already saturates the

rest of the system even with an MCS below the maximum.

For this reason, it seems that the manufacturer selected a

conservative rate adaptation scheme that does not switch
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MCS histogram.
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measured SNR.

to high MCS values even when the SNR of the link is very

high. We expect next-generation IEEE 802.11ad/ay devices

to provide better support for such multi-Gigabit per second

modulations in terms of both handling high volumes of traffic

and generating cleaner radio-frequency signals that enable

higher modulations such as 16-QAM. Hence, we conclude

that the throughput saturation that we observe in Figure 12

is due to limitations of the hardware that prevent stable

operation of the router at such high MCSs.

As a result of the above hardware limitations, the bene-

fits of ACO only become visible in our testbed when a link

using the generic beam patterns of IEEE 802.11ad operates

below MCS8. Otherwise, the SNR improvement of ACO does

not translate into an effective throughput gain. To illustrate

the benefits that ACO would achieve on hardware that can

process higher data throughput, in the following we com-

pute the bitrate according to the expected MCS for a given

SNR. To this end, we build on the signal quality thresholds

recommended in the IEEE 802.11ad standard [15] as listed

in Table 2. We transform the measured SNRs to sensitivity

thresholds, lookup the recommended MCS, and, thus, ob-

tain the expected bitrates and cross-validate them with our

measurements.

In Figure 13, we show the average gain in terms of the

expected bitrate. On both the up-link and the down-link ACO
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Table 2: Recommended MCS selection, required re-
ceive sensitivity, and bitrate in IEEE 802.11ad [15].

MCS Sensitivity Bitrate

0 −78 dBm 27.5 Mbps

1 −68 dBm 385.0 Mbps

2 −66 dBm 770.0 Mbps

3 −65 dBm 962.5 Mbps

4 −64 dBm 1155.0 Mbps

5 −62 dBm 1251.3 Mbps

6 −63 dBm 1540.0 Mbps

7 −62 dBm 1925.0 Mbps

8 −61 dBm 2310.0 Mbps

9 −59 dBm 2502.5 Mbps

10 −55 dBm 3080.0 Mbps

11 −54 dBm 3850.0 Mbps

12 −53 dBm 4620.0 Mbps

obtains on average about 50% higher bitrate, but Figure 14

shows that gains reach up to 2.54×. We achieve significant

gains across most of the testbed. In a few cases, the achieved

bitrate gain in Figure 14 is limited compared to the large

SNR gain for the same location in Figure 8. This occurs in

particularly challenging locations, such as the desks which

are very close to the AP. Since the AP hangs from the ceiling,

the vertical angle of the link towards the STAs located at

those desks is very steep. Due to the layout of the antenna

array (see Section 5.3), the vertical steering capability of the

devices is limited. While those links are inherently weak,

ACO still provides a substantial SNR improvement even in

such challenging scenarios and enables the system to reach

a higher MCS in most cases.

7.4 Channel Probing Overhead
ACO requires additional SNR feedback. Instead of feeding

back only the ID of the best antenna beam pattern as with

conventional beam training, the SNRs of all the beam pat-

terns that were probed are required. Furthermore, the over-

head to acquire full channel state information would be

higher than that of conventional IEEE 802.11ad training.

However, measuring the full CSI for all antenna elements

is usually not necessary. Our approach can flexibly adjust

the number of active antennas or probing elements based on

how rapidly the sub-channel changes, allowing us to reduce

the overhead to achieve a certain accuracy. According to

[34], probing a single sector in the sector sweep takes about

18.0 µs. Probing all N = 32 antenna elements with ACO

would need N + 4 (N − 1) = 156 probes (see Section 4.1.1),

which results in a total probing time of about 2.8 ms. With

13 active antenna elements, we perform the beam training

as fast as the IEEE 802.11ad sector sweep with 64 sectors in

about 1.2 ms. As not all antenna elements contribute to good

beam patterns, learning a sub-space of the channel with less
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active antenna elements is usually sufficient and provides a

good trade-off between overhead and performance.

This flexible overhead also allowsACO to adapt tomobility

which requires to train the beams continuously. By adapting

the number of active antennas in the array, ACO can select a

training overhead that matches the dynamics of the devices

and environment. Specifically, ACO only needs to probe a

small sub-space of the channel in case the movement is small.
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8 RELATEDWORK
The IEEE 802.11ad standard [15, 22] deploys a two-stage

beamforming protocol that consists of the SLS and an op-

tional beam refinement phase (BRP). The SLS operates with

predefined beam patterns, so-called sectors, and trains the

antenna steering by sweeping through all available sectors

while sending probe frames. In the BRP, devices continu-

ously adapt their antenna sector to compensate for mobility

and small channel distortions. In IEEE 802.11ay—the upcom-

ing millimeter-wave standard for Wi-Fi networks and the

successor of IEEE 802.11ad—several refinements are intro-

duced to make beam training more efficient with shorter

frames and multiple channels [6, 9]. For a low number of

sectors, the sector sweep completes in a reasonable amount

of time. However, its complexity increases linearly with the

number of probed sectors. Thus, either the number sector is

low and thus beam patterns become wide and irregular, or a

high training overhead must be taken into account. Common

COTS devices typically use a fixed set of sectors and do not

implement the BRP [34].

Several alternatives have been proposed that allow devices

to steer their antennas efficiently. State-of-the-art protocols

and techniques are surveyed in [17]. Hierarchical beam train-

ing with codebook structures of different width allows to

refine the beam patterns iteratively [1, 2, 14, 25]. Organiz-

ing beam patterns in a tree hierarchy achieves logarithmic

search complexity but introduces an additional communi-

cation overhead due to the required feedback for each of

the multiple probing rounds. Compressive sensing based

approaches derive the CSI by selecting pseudo-random prob-

ing beams [20, 27, 28] and determine an optimal beam after

only one training round. However, complex channel measure-

ments are not available on common COTS devices. Thus, [29]

proposed a variant based on non-coherent measurements to

determine the line of sight path without phase information.

[34] integrated such a variant of compressive sensing with

the sector sweep on COTS devices. Most beam-steering ap-

proaches use codebooks that consists of beams with specific

geometrical contexts such as beam-width or beam-direction.

To generate such beams, it is required to understand the

antenna radiation characteristics, especially since the wave-

length of mm-waves is of the order of millimeters. Small

variations in the electrical components create significant

phase shifts or irregular absorption. To tackle these impair-

ments, antenna calibration under controlled conditions is

required and must be incorporated in the codebook. Our

approach, in contrast, does not rely on antenna calibration.

We optimize the beam-steering based on current channel

conditions without any geometrical properties.

In multi-antenna scenarios with multiple RF-chains, addi-

tional performance gains are expected. Compressive sensing

allows to estimate the channel with only a few probes ef-

ficiently [7, 8] and selects proper beams for multiple users

[4]. Exploiting multiple antennas also improves spatial reuse

[31, 32]. With multiple RF-chains, hybrid beamforming al-

lows to take channel measurements in parallel and decreases

the overhead or increases the channel estimation quality. Un-

fortunately, at the time of writing, no COTS device supports

multiple RF-chains or hybrid beamforming.

Algorithms such as [36] improve resilience to blockage

by instantaneously predicting the availability of alternative

paths. The mobility of devices is considered in [42], in which

correlations of channel profiles at nearby locations allow to

reconstruct the channel profile when devices start to move.

Doing so, the proposed protocol continuously realigns the

links of mobile devices without explicit channel scanning. In

[40], E-MI senses the environment and traces back the LOS

and NLOS paths between devices by applying ray-tracing

techniques. This allows to resolve the significant reflections

in the paths, predict the quality of different links, and op-

timize the deployment of APs. Moreover, adding low pilot

overhead, as done in [3], increases the channel estimation

accuracy. Beam steering algorithms also benefit from multi-

band connectivity. Wi-Fi connections in the lower frequency

bands such as 2.4 and 5 GHz can assist millimeter-wave link

adaption [35]. Angular estimation of the communication di-

rection in the lower frequency bands can already provide

a coarse direction to steer the millimeter-wave beam [23].

Tracking of devices without probing overhead is possible by

explicitly generating multi-lobe beam patterns that detect if

devices move out of the beam’s coverage area [18]. To lower

the risk of outage during mobility, the authors of [10] pro-

pose to continuously adjust the width of the beam pattern

as well as the selected modulation and coding schemes.

While millimeter-wave research is well advanced, wide-

spread practical testbed and evaluation systems are rare.

Available IEEE 802.11ad chipsets expose a single RF-chain,

provide limited control, and only allow to extract a few low-

layer parameters [19, 21]. As a result, researchers tend to

create evaluation platforms that are equipped with direc-

tional horn antennas [10, 11, 36, 38] or custom phased an-

tenna arrays [29, 41]. Due to the high amount of hardware

customization, such platforms complicate the reproducibil-

ity of results. They typically lack IEEE 802.11ad compliant

implementations, and their performance and behavior dif-

fer fundamentally from that of COTS devices. Commercial

prototyping platforms such as that in [30] allow to evaluate

different protocols but are not affordable for larger deploy-

ments and are impractical to analyze realistic millimeter-

wave use-cases. In prior work, we extended the device driver

to control the Wi-Fi interface in COTS devices [35, 39] and

added new features to the firmware running on the IEEE

802.11ad Wi-Fi chip [34] to extend the access to low-layer
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statistics and perform practical experiments. However, all of

these works based on COTS devices lack access to the full

CSI of the millimeter-wave channel.

Accessing CSI on Wi-Fi systems in the lower frequency

bands is comparatively easier. These systems apply digital

beamforming which allows for full channel estimation. Chan-

nel measurements are, for example, required to compensate

the channel effects and apply beamforming in multi-antenna

systems. Prototyping platforms such as WARP [16] allow

estimating the complex channel gains with reasonable over-

head in multi-antenna systems. The CSI can also be directly

extracted from some specific COTS wireless interface cards

[12]. Unfortunately, such approaches require community

projects and a detailed understanding of the wireless chip.

Notably, even forWi-Fi that has been around for two decades,

only a few chipsets to date provide CSI that is accessible to

researchers. Manufacturers of commodity Wi-Fi equipment

typically keep their systems closed. As of now, no such access

to CSI is available for any IEEE 802.11ad device.

9 CONCLUSIONS
Obtaining full CSI on millimeter-wave devices enables beam-

forming to achieve higher directionality, allow for more ac-

curate beam steering, and exploit multi-path effects caused

by reflectors and obstacles in the environment. Unfortu-

nately, this requires complex channel measurements which

are not provided by commercial off-the-shelf devices. In this

work, we propose Adaptive Codebook Optimization (ACO),

a mechanism that extracts full CSI on such devices from non-

coherent measurements. In particular, we engineer beam

patterns with constant phase shifts that allow extracting

CSI both in terms of phase and magnitude from simple SNR

readings. As such readings are available on most devices, our

approach is easily portable to any hardware that provides

access to SNR information. We design ACO to incur the same

or less probing overhead than IEEE 802.11ad. Moreover, we

use the obtained CSI to compute beam patterns that adapt

to the environment and maximize the SNR. In this way, we

automatically avoid destructive interference and choose the

best available path between transmitter and receiver. We

implement ACO on TP-Link Talon AD 7200 tri-band routers

by obtaining full access to the beamforming control of the

integrated 32-element phased antenna array. To this end, we

disassembled the phased antenna array and reconstructed

the antenna weighting network experimentally. Our eval-

uations in a real-world office environment show that ACO

increases the SNR by factor 2.5 and achieves a 2x higher

TCP throughput. To support the community and allow other

researchers to benefit from our results, we make our frame-

work and firmware patches [33] as well as the source code

of our actual implementation publicly available.
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