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Abstract—Due to their sparsity, 60GHz channels are characterized by a few dominant paths. Knowing the angular information of their

dominant paths, we can develop various applications, such as the prediction of link performance and the tracking of 802.11ad devices.

Although they are equipped with phased arrays, the angular inference for 802.11ad devices is still challenging due to their limited number

of RF chains and limited phase control capabilities. Considering the beam sweeping operation and the high communication bandwidth of

802.11ad devices, we propose variation-based angle estimation (VAE), called VAE-CIR, by utilizing beam-specific channel impulse

responses (CIRs) measured under different beams and the directional gains of the corresponding beams to infer the angular information

of dominant paths. Unlike state-of-the-arts, VAE-CIR exploits the variations between different beam-specific CIRs for angular inference

and provides a performance guarantee in the high signal-to-noise-ratio regime. To evaluate VAE-CIR, we generate the beam-specific

CIRs by simulating the beam sweeping of 802.11ad deviceswith the beampatternsmeasured on off-the-shelf 802.11ad devices. The

60GHz channel is generated via a ray-tracing-based simulator and the CIRs are extracted via channel estimation based onGolay

sequences. Through extensive experiments, VAE-CIR is shown to achievemore accurate angle estimation than existing schemes.

Index Terms—mmWave communications, IEEE 802.11ad, angular inference

Ç

1 INTRODUCTION

THE completion of the 802.11ad standard and its device
commercialization have led to various research efforts

to either improve the communication performance of
60GHz devices, such as link performance prediction, access
point (AP) deployment, and seamless indoor multi-Gbps
wireless connectivity, or develop novel applications with
these devices, such as single AP decimeter-level localization
[1], [2], [3], [4], [5]. All these applications usually rely on the
length and angular information of strong signal (or domi-
nant) paths in the sparse 60GHz channel. Since this path
information is often unavailable, we must be able to effec-
tively infer such information for which angular information
serves as the starting point.

As demonstrated in prior studies, the starting point for
inferring path information is the collection of angular infor-
mation — such as angles of departure (AODs) and angles of
arrival (AOAs) — of dominant paths [1], [2], [3], [4], [5]. For
example, when the 802.11ad device is 5m away from the
AP, the angle estimation error should be less than 6� and 3�

to achieve a localization accuracy of 5 decimeters and 2 deci-
meters, respectively. To predict the received signal strength
with a median prediction error of 2:8dB, the AOAs/AODs
of dominant paths should be estimated with an average
error of less than 6� [1]. Unfortunately, because of their

irregular beam patterns and limited number of radio fre-
quency (RF) chains, inferring angular information with the
desired level of accuracy is not easy for 802.11ad devices.
On the one hand, for cost reasons, phased arrays on off-the-
shelf 802.11ad devices only support 2 to 4-bit phase control
[6]. As reported in [7], to limit overhead and enable fast net-
work discovery and user association, the beams of 802.11ad
devices should cover desired directions with specific beam-
width. To meet these requirements with limited phase con-
trol capability, the beams implemented on 802.11ad devices
often have multiple strong side lobes [7], [8]. In the presence
of multipath propagation, such irregular beam patterns
make it difficult for 802.11ad devices to directly learn angu-
lar information from, for example, sector level sweep (SLS).
On the other hand, due to the limited number of RF chains,
existing direction-estimation schemes are not applicable to
off-the-shelf 802.11ad devices. As reported in [1], 802.11ad
devices adopt analog phased arrays and the signals
received at different antenna elements are mixed at the out-
put of the RF chain. Since most existing direction-estimation
schemes require the knowledge of signal received at each
antenna element, they are not applicable to millimeter wave
(mmWave) devices with analog phased arrays. Although a
few direction-estimation schemes have been proposed for
antenna arrays with a hybrid beamforming architecture,
they cannot be directly integrated into 802.11ad devices
which are equipped with only a single RF chain.

In view of the above-mentioned challenges, we develop a
variation-based angle estimation (VAE), called VAE-CIR, to
enable accurate angular inference for 802.11ad devices with-
out any assumptions on beam patterns and the number of
RF chains. The basic idea of VAE-CIR is to exploit the varia-
tions in beam-specific channel impulse responses (CIRs)
measured under different beams during, for example, beam
sweeping, to gradually narrow down the AOAs/AODs of
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different paths. Specifically, for each path of interest, VAE-
CIR maintains the score for each direction and utilizes the
beam-specific CIR measurements under different beam pat-
terns to update the score. Instead of updating the score of
each direction based on the absolute CIR measurement
under each individual beam, VAE-CIR updates the score
for each direction based on the variations between every
two CIRs measured using different beams, and the direction
where the variation in the directional gain better matches
that in the CIR will be assigned a lower score increase.
Then, VAE-CIR selects the direction with the lowest score,
namely, the direction in which the variations of the direc-
tional gain best match the variations in the CIR component,
as the estimated angle for the path of interest. The rationale
behind VAE-CIR can be illustrated through the example in
Fig. 1a where the signal from STA1 reaches STA2 through a
light-of-sight (LOS) and a reflected paths and these two
paths are resolvable in the CIR measured at STA2. The CIRs
measured under the red and blue beams are shown in
Figs. 1b and 1c. The CIR component corresponding to the
LOS path arrives at t1 and that corresponding to the
reflected path arrives at t2. Since those two beams encounter
the same set of signal paths, when STA2 switches from the
red beam to the blue beam, the variation in each CIR com-
ponent is a result of the variations in the directional gain
(i.e., the beamforming gain) along the AOA/AOD of its cor-
responding path. In other words, when STA2 changes its
beam, the AOA/AOD of each path should provide the best
match between the variations in the directional gain and
those in its corresponding CIR component.

In practice, the collection of the aforementioned beam-
specific CIRs and thus VAE-CIR is enabled by the character-
istics of 802.11ad frames and the measurement process, like
beam sweeping, inherent in 802.11ad operation. According
to [9], each 802.11ad frame begins with a short training field
(STF) and a channel estimation (CE) field, which allow
802.11ad devices to acquire the corresponding CIR. More-
over, since the 802.11ad frames are delivered via a spectrum
of � 1760MHz bandwidth, two path components are

resolvable for 802.11ad devices as long as their arrival times
differ by � 0:57ns. In other words, two paths are resolvable
for 802.11ad devices as long as their lengths differ by �
0:17m. Given the sparsity of mmWave channels, each domi-
nant component in the CIR is highly likely to correspond to
one of the dominant propagation paths between the trans-
mitter and the receiver. That is, each dominant CIR compo-
nent is highly likely to be completely determined by a
dominant path, thus providing us information to infer the
AOA/AOD of the corresponding path.

This paper makes the following contributions.

� A novel study of the angular inference for 802.11ad
devices based on wireless measurements. Unlike
prior work, we propose to not directly utilize each
CIR component but employ its variations under dif-
ferent beams to infer the angle of each path.

� Design of VAE-CIR which exploits the variations in
every two CIR measurements to infer the AOA/
AOD of dominant paths. For a specific path, VAE-
CIR exploits the variations in its corresponding CIR
component between every two measurements to
update the score assigned to different directions and
the inferred AOA/AOD is the direction with the
lowest final score. VAE-CIR allows us to flexibly
weight the contribution of every two CIR measure-
ments to the score. For example, a lower weight can
be assigned when the amplitude of the interested
CIR component is below a certain threshold in at
least one of the two CIR measurements. This way we
are able to limit the impact of noise on AOA/AOD
inference since the accuracy of weak CIR measure-
ments is more prone to noise. Moreover, VAE-CIR is
proved to provide a performance guarantee in the
high signal-to-noise-ratio (SNR) regime.

� Extensive simulation to evaluate effectiveness of
VAE-CIR. We generate the transmit signals and
implement the channel estimation based on Golay
sequences for CIR extraction by following the IEEE
802.11ad standard. Using the beam pattern mea-
sured on the off-the-shelf 802.11ad devices and the
channel model approved by IEEE 802.11 Task Group
ad, we demonstrate the superiority of VAE-CIR to
state-of-the-arts.

2 RELATED WORK

Several direction-estimation schemes have recently been
proposed for 802.11ad devices based on a single RF chain
and analog arrays. Wei et al. [1] exploited the orthogonality
within the codebook to map the output of the RF chain to
the signals received at different antenna elements and used
the MUSIC algorithm to estimate the AOAs of different
paths. In their scheme, the device receives the incoming sig-
nal using different weight vectors (i.e., beam patterns) and
isolates the signal received at each antenna element through
a matrix inversion. As pointed out in [5], to make this
scheme effective, we should ensure that exactly the same
signal is sampled by all of the adopted beam patterns, thus
limiting its applicability. Furthermore, the placement and
enclosures of the phased array antenna might affect its

Fig. 1. Motivation for VAE-CIR. The red and blue beams are measured
from Dell E7440 notebook which is equipped with antenna arrays to
operate in 60GHz bands [10].
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radiation pattern, making the relationship between weight
vectors and directional gains invalid, and thus adversely
impacting the performance of the AOA estimation schemes
based on weight vectors [8]. So, most existing direction esti-
mation schemes for 802.11ad devices exploit the correlation
between wireless measurements made under different
beams and the directional gains of the corresponding beams
for angular inference [4], [5], [11]. Steinmetzer et al. [11] pro-
posed a direction estimation scheme based on received sig-
nal strength (RSS) to infer the AOA of a dominant path. In
that scheme, multiple RSS measurements are made using
different beams, and the estimated AOA is the direction
that provides the best match between the directional gains
and the RSS measurements. Although its effectiveness has
been demonstrated in a specific environment, the experi-
mental results in [5] show this RSS-based scheme to be
highly inaccurate in a different environment due to irregu-
lar beam patterns and multipath propagation. In this case,
the RSS not only depends on the path of interest but also is
affected by the signals received from other paths.

This observation motivates Ghasempour et al. [4] and Pef-
kianakis et al. [5] to propose two direction-estimation
schemes by exploiting the measured CIR, instead of the RSS,
for angular inference [4], [5]. In these two schemes, CIR com-
ponents are first mapped to dominant paths through their
time of arrival. Then, the corresponding CIR components
measured under different beams are used to gradually refine
the AOA/AOD estimates of the paths of interest. For each
dominant path, the scheme in [4] maintains a score for each
direction with initial value 0. Once a new CIR measurement
comes in, the score of each direction is updated depending
on whether the desired CIR component is received or not, as
well as the directional gain of the adopted beam pattern.
When the measurement process completes, the direction
with the highest score will be considered as the AOA of the
corresponding path. The authors of [5] adopted a similar
procedure to estimate the AOD of the line-of-sight (LOS)
path by utilizing the CIR feedback from the receiver. To
improve the accuracy of AOD estimation further, they
selected a few CIR measurements with the strongest LOS
components for AOD estimation and weighted the contribu-
tion of each CIR measurement with the amplitude of its LOS
component. They then chose the estimated AOD to be the
center of the direction interval spanned by a few directions
with the highest scores. Despite the differences, both of these
schemes rely on a hidden assumption that, if a CIR compo-
nent is received under a beam, the angle of the correspond-
ing path is more likely to be along the direction with a higher
directional gain. As a result, once the desired CIR component
is measured under a beam, they always assign the highest
score increase to the direction with the highest directional
gain. However, the reception of a CIR component only
implies that the directional gain along the AOA/AOD of the
corresponding path is higher than a certain threshold, rather
than that the AOA/AOD of this path is along the direction
with the highest gain. Blindly assigning higher score incre-
ments to the directions with higher directional gains might
lead to large estimation errors.

As seen from the above discussions, despite the various
angle estimation schemes proposed thus far, accurate AOA/
AOD estimation for 802.11ad devices is still lacking. This

observation motivates our proposal of VAE-CIR. Instead of
always assigning the lowest increase of score to the direction
with the highest directional gain,1 VAE-CIR assigns the low-
est increase of score to the direction yielding the best match
between the variations in directional gains and those in the
correspondingCIRmeasurements,whichwould lead to accu-
rate direction estimation. Besides, unlike existing schemes
where only heuristics are provided, VAE-CIR is proved to
offer a performance guarantee in the high SNR regime.

3 BEAM-SPECIFIC CIR AND CHANNEL ESTIMATION

3.1 Beam-Specific CIR

To compensate high path loss and facilitate high speed
transmissions, mmWave communication devices exploit
phased arrays and beamforming to concentrate energy in
the desired directions. Due to the constraints on hardware
implementation, 802.11ad devices adopt an analog beam-
forming architecture where each antenna is connected with
a phase shifter and beamforming is performed in the analog
domain with these phase shifters. This analog beamforming
architecture cannot simultaneously support more than one
beam, and can steer the beam to different directions by con-
trolling the amount of shift in each phase shifter [12]. Due to
the use of beamforming, the CIR observed at the receiver
depends on both the underlying signal paths and the radia-
tion pattern of the adopted beam. Denoting the equivalent
lowpass representation of the continuous-time CIR as hðtÞ
[13], we have

h tð Þ ¼
XK
k¼1

akGm #kð ÞGl ukð Þd t� tkð Þ; (1)

where K is the total number of underlying signal paths, ak

and tk are the complex path gain and the delay of the kth
path, respectively. #k is the AOD of the kth path at the trans-
mitter and Gm #kð Þ is the beamforming gain along the spatial
direction #k when the transmitter uses its mth beam for
transmissions. uk is the AOA of the kth path at the receiver
and Gl ukð Þ is the beamforming gain along direction uk when
the receiver employs its lth beam for reception. Each sum-
mand in Eq. (1) corresponds to a CIR component. Let hk be
the kth CIR component and hk lð Þ be the kth CIR component
measured using the lth receiving beam. When the underly-
ing signal path remains the same, the amplitude of each
CIR component, hkj j, will track the changes of directional
gains. For example, if the receiver switches to the ðlþ 1Þ-th
beam, we have hkj j ¼ hk lþ 1ð Þj j ¼ akGm #kð ÞGlþ1 ukð Þj j and
hk lþ 1ð Þj j= hk lð Þj j ¼ Glþ1 ukð Þj j= Gl ukð Þj j. In other words, the
variations in the directional gain along the AOA uk of a path
matches the variations in the amplitude of its corresponding
CIR component hk. This observation motivates VAE-CIR

which we introduce in the next section.

3.2 Channel Estimation in 802.11ad

According to the IEEE 802.11ad standard, each physical
layer (PHY) protocol data unit (PPDU) contains a CE field
right next to the STF. 802.11ad PHY supports two

1. VAE-CIR takes the direction with the lowest final score as the esti-
mated AOA/AOD.
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modulation methods — control modulation and single car-
rier (SC) modulation — which share a common preamble
structure [9], [14]. The structure of a typical 802.11ad PPDU
is shown in Fig. 2, where Gau256½n�, Gbu256½n�, Gav256½n�,
Gbv256½n� are Golay sequences of length 256. From Fig. 2,
each of these sequences is obtained by concatenating two
Golay sequences of length 128. Ga128ðnÞ and Gb128ðnÞ are
two Golay sequences of length 128 defined in subclause
20.10 of [14]. Gau256ðnÞ and Gbu256ðnÞ are complementary
sequences. Gav256ðnÞ and Gbv256ðnÞ are complementary
sequences. Ga128ðnÞ and Gb128ðnÞ are complementary
sequences. The autocorrelation property of these Golay
sequences is exploited in 802.11ad for channel estimation
[15], [16]. Clearly from Fig. 2, both the STF and CE field are
built up from Golay sequences. Each STF ends with
�Ga128ðnÞ, and each CE field ends with �Gb128ðnÞ, which
facilitates the creation of a length-127 zero-correlation zones
as discussed below [17]. The STF and CE fields are modu-
lated prior to transmission using p=2-BPSK. We usegGau256 n½ � and gGbu256 n½ � to denote Gau256 n½ � and Gbu256 n½ �
after constellation mapping.

Let sðtÞ be the transmitted preamble before upconver-
sion. Then, we have

s tð Þ ¼
X1279
n¼0

s n½ � g � hTð Þ t� nTcð Þ; (2)

where s n½ � is a sequence obtained by sequentially
concatenating � fGa128, fGu512, fGv512, and �fGb128, hT tð Þ repre-
sents the transmit shaping filter, and Tc is the chip time.
Tc ¼ 0:57ns for control and SC PHY. g tð Þ ¼ u tð Þ � u t� Tcð Þ,
where u tð Þ is the unit step function defined in [18]. � in
Eq. (2) represents the operation of convolution. It should be
noted that, for ease of presentation, we only consider the
part of the preamble related to channel estimation in Eq. (2).
Then, the received signal after going through the wireless
channel, downcoversion, and the anti-aliasing filter is

r tð Þ ¼
XK
k¼1

hk s � hRð Þ t� tkð Þ þ z tð Þ; (3)

where hk is the kth CIR component defined in the last sub-
section, hR tð Þ is the impulse response of the anti-aliasing fil-
ter at the receiver, and z tð Þ is the additive noise. Suppose
hT � hRð Þ tð Þ is designed to have a flat frequency response
with magnitude 1 in the band of interest, the received signal
sampled at a rate of 1=Tc is

r nTcð Þ ¼
XK
k¼1

hk

X1279
j¼0

s j½ �g nTc � tk � jTcð Þ þ z nTcð Þ: (4)

Let r n½ � ¼ r nTcð Þ and z n½ � ¼ z nTcð Þ, we have

r n½ � ¼
XK
k¼1

hks n� tk=Tcd e½ � þ z n½ �; (5)

where :d e is the ceiling function. To obtain the estimated
CIR, r n½ � is first correlated with gGau256, gGbu256, gGav256, andgGbv256. Specifically, we have

r? gGau256

� �
i½ � ¼

XK
k¼1

hk s? gGau256

� �
i� tk=Tcd e½ �

þ z? gGau256

� �
i½ �;

(6)

where ? is the correlation operator, and

s? gGau256

� �
i½ �

¼
Pmin ‘s�i;255f g

n¼max �i;0f g s n½ � gGau256 n� i½ � �255 � i � ‘s

0 o:w:

(
:

(7)

Similar results can be obtained for gGbu256, gGav256, andgGbv256.

As shown in Fig. 3, ðr? gGau256Þ i½ � is then combined with

ðr? gGbu256Þ i½ �, ðr? gGav256Þ i½ �, and ðr? gGbv256Þ i½ � to obtain the

estimated CIR. By adding ðr? gGau256Þ i½ � and ðr? gGbu256Þ
iþ 256½ �, we have

Rru i½ � ¼
XK
k¼1

hkRsu i� tk=Tcd e½ � þ ez i½ �; (8)

where ez i½ � is the noise after correlation operation and

Rru i½ � ¼ r? gGau256

� �
i½ � þ r? gGbu256

� �
iþ 256½ �;

Rsu i½ � ¼ s? gGau256

� �
i½ � þ s? gGbu256

� �
iþ 256½ �:

(9)

Clearly from Eq. (8), the value of Rru i½ � is closely related to

that of Rsu i½ �. Let Rsau i½ � ¼ ðs? gGau256Þ i½ �, and Rsbu i½ � ¼
ðs? gGbu256Þ i½ �. By exploiting the autocorrelation property of
Golay sequences, we have

Fig. 2. The structure of a typical 802.11ad PPDU.

Fig. 3. Golay sequence based estimation for the kth CIR component. z256

is the delay operator.
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Rsu i½ �j j ¼ Rsau i½ � þRsbu iþ 256½ �j j

¼ 512 i ¼ 128

0 0 � i � 255; i 6¼ 128

�
;

(10)

From Eq. (10), Rsu i½ �j j has a peak at the index ip ¼ 128wheregGau256 aligns with gGau256 in s, and there is a length-127
zero-correlation zone before and after the peak. This
matches the result in Fig. 4 well.

Noting that Rsu i� tk=Tcd e½ � is a shifted version of Rsu i½ �,
Rsu i� tk=Tcd e½ �j j has a peak at location ip kð Þ ¼ ip þ tk=Tcd e.
Without of loss generality, let us assume tk0=Tcd e 6¼ tk=Tcd e
if k0 6¼ k and tK � t1j j � 128Tc. Then, if the noise is
neglected, we get Rru ip þ tk=Tcd e� ��� �� ¼ 512 hkj j. In other
words, we can recover the kth CIR component by extracting
the ip þ tk=Tcd e� 	

-th element in Rru i½ � through bhu
k ¼

Rru ip þ tk=Tcd e� �

512, where bhu

k represents the estimate of
the kth CIR component. Following the same procedure, we
can obtain another estimate of the kth CIR component,

denoted as bhv
k, by correlating r n½ � with gGav256 and gGbv256.

To reduce the impact of noise, we average bhu
k and bhv

k to
obtain the final estimate for the kth CIR component asbhk ¼ ðbhu

k þ bhv
kÞ=2.

For ease of presentation, we assume the signal is trans-
mitted with unit power in the above discussion. The effect
of actual transmit power Pt can be easily incorporated by
scaling hk with a factor of

ffiffiffiffiffi
Pt

p
. In practice, the quality of the

estimated CIR component bhk is affected by noise and other
non-resolvable CIR components with respect to the kth CIR
component, which could, in turn, affect the performance of
VAE-CIR. As mentioned in [19], the channel at 60GHz is
inherently sparse with a few dominant paths. Thanks to the
high transmission bandwidth, two CIR components can be
resolved as long as the difference in their time of arrival is
larger than 0:57ns. Thus, the impact of non-resolvable CIR
components on bhk is expected to be limited if it corresponds
to a dominant path. In Section 5, we will discuss how noise
affects the performance of VAE-CIR and show that non-
resolvable CIR components have only limited effect on
VAE-CIR.

4 DESIGN OF VAE-CIR

VAE-CIR addresses the problem of estimating the AOA/
AOD of a specific dominant path, given a set of beam-
specific CIR measurements. How to identify the dominant

paths of a channel is out of the scope of VAE-CIR. As men-
tioned in [4], [5], the dominant paths of a channel can be
identified by detecting and aggregating the peaks in the
given set of beam-specific CIR measurements. Without loss
of generality, we assume K dominant paths, indexed as
f1; . . . ;Kg, are identified from the given set of beam-specific
CIR measurements, and we are interested in the angular
information of the k-th (k 2 f1; . . . ;Kg) dominant path. For
simplicity, we call the CIR component corresponding to the
k-th dominant path as the k-th dominant CIR component.

As mentioned before, VAE-CIR exploits the CIR mea-
sured under different beams to infer the AOAs/AODs of
dominant paths. These CIR measurements can be collected
using, for example, sector sweep (SSW) frames during the
sector-level sweep phase or a specific beam-sweeping pro-
cess [3], [4], [5]. In general, the beam-sweeping is carried
out in one or multiple stages. During each stage, one party
fixes its beam pattern and the other party sweeps through
different beams. For ease of presentation, we focus on AOA
estimation in the following development and thus are inter-
ested in the case where the transmitter fixes its beam and
the receiver receives the beam training frames, such as the
SSW frames, with different beams. By exploiting channel
reciprocity, VAE-CIR presented in this section can also be
applied in AOD inference using the transmitter-side beam
sweeping. Suppose the receiver can sweep through a maxi-
mum of L beams, and thus we have the CIRs measured
under L different beams. Let hk lð Þ be the value of the k-th
dominant CIR component when the lth beam is used for
reception. As shown in [4], [5], the estimate of hk lð Þ, denoted
as bhk lð Þ, can be extracted from the estimated CIR under the
lth receiving beam based on the time of arrival of the k-th
dominant path from aggregated CIR measurements.

Let uk be the AOA of the k-th dominant path. To infer uk
from bhk lð Þ’s, we need to draw a quantity from bhk lð Þ’s so that
it is determined solely by uk. Clearly from Eq. (1), it is diffi-
cult to directly infer uk from the amplitudes of hk lð Þ’s since
they are also affected by many other factors, such as the
path gain and the directional gain of the transmit beam.
Notice that, when the transmit power and transmit beam
pattern are fixed, hk lð Þ’s satisfy:

hk l1ð Þj j= hk l2ð Þj j ¼ Gl1 ukð Þ�� ��
 Gl2 ukð Þ�� ��: (11)

In other words, when the l1-th and the l2-th beams are used
for reception, the ratio of hk l1ð Þj j to hk l2ð Þj j is completely
determined by uk. This observation leads us to use the ratio
between bhk lð Þ

��� ���’s, instead of their absolute values, for AOA
estimation.

Due to the very irregular beam pattern of 802.11ad devi-
ces, it is challenging to analytically derive the inverse func-
tion of Gl1 ukð Þ�� ��
 Gl2 ukð Þ�� �� for AOA estimation. In view of
Eq. (11), we address this challenge by searching for the
direction which minimizes the difference between the left-
hand and right-hand sides of Eq. (11). Specifically, givenbhk l1ð Þ and bhk l2ð Þ, we have

buk ¼ argmin
u2Q

bhk l1ð Þ
��� ���bhk l2ð Þ
��� ���� Gl1 uð Þ�� ��

Gl2 uð Þ�� ��
������

������; (12)

Fig. 4. The value of Rsu i½ �j j. We have ip ¼ 128 since gGau256 starts at the
128th element of s. A length-127 zero correlation zone can be clearly
seen before and after the index of 128.
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where buk is the estimated AOA of the kth dominant path,
and Q represents the search space which could be deter-
mined by the filed of view (FoV) of the antenna array [20].
As shown in Fig. 5, multiple values of u could lead to the
same value of Gl1 uð Þ�� ��
 Gl2 uð Þ�� ��. This ambiguity in AOA esti-
mation can be resolved by aggregating the measurements
from multiple beam pairs. Specifically, when new CIR
measurements are available, we can combine them withbhk l1ð Þ and bhk l2ð Þ to refine our estimation, which leads to
VAE-CIR.

To infer the AOA of the k-th path, VAE-CIR maintains a
score for each direction. Since the goal of VAE-CIR is to find
the direction where the ratios between directional gains best
match those between the corresponding beam-specific CIR
measurements, we define the score function by generalizing
(12) to account for the beam-specific CIR measurements
from L different beams. VAE-CIR does not assume the order
in which bhk 1ð Þ; . . . ; bhk Lð Þ are used for updating the score,
but, in this section, we assume they are sequentially used for
score updating for ease of presentation. Let s‘k uð Þ be the score
assigned to each direction based on bhk 1ð Þ; . . . ; bhk ‘ð Þ, where
‘ 2 f1; . . . ; Lg is the beam index. Observing that the score is
updated based on the variation between different CIR meas-
urements, we have s1k uð Þ ¼ 0, 8u 2 Q. For ‘ � 2, s‘k uð Þ can be
obtained from s‘�1

k uð Þ using bhk ‘ð Þ as

s‘k uð Þ

¼ s‘�1
k uð Þ þP

l2L

a ‘; l; k; uð Þ	bhk ‘ð Þ
�� ��bhk lð Þ
�� �� � G‘ uð Þj j

Gl uð Þj j

�����
�����

8><>:
9>=>; L 6¼ ;; ‘ =2 L

sk uð Þ otherwise

8>>>><>>>>: ;

(13)

where L is the set of receiving beams used in the previous
CIR measurement, and ; is an empty set. Initially, we have
L ¼ f1g. a ‘; l; k; uð Þ’s are weight factors which allow us to
weight the contribution of every two CIR measurements
based on the corresponding beams, the considered direc-
tion, and the dominant path of interest. In this paper, we set

a ‘; l; k; uð Þ as 1 bhk ‘ð Þ
��� ��� � �h

� �
1 bhk lð Þ

��� ��� � �h
� �

, where 1 :ð Þ is the

indicator function. �h is a threshold and can be set to, for

example, n bh��� ���max

k
, where n 2 0; 1½ �, and bh��� ���max

k
¼ maxl2 1;


;Lf gbhk lð Þ

��� ���. We adopt such weight factors since the value of

bhk lð Þ
��� ��� cannot be fully trusted when it is too small. On the

one hand, the small bhk lð Þ
��� ��� could be caused by either a low

beamforming gain along uk or an abrupt blockage of the

k-th dominant path. On the other hand, a small bhk lð Þ
��� ��� is

more susceptible to noise and might not be able to accu-
rately track the variations in hk lð Þj j. In other words, when

either bhk ‘ð Þ
��� ��� or bhk lð Þ

��� ��� is small, the variation in the beam-

forming gain along uk might not be the major reason for the

variation in ĥk ‘ð Þ�� ��. ĥk lð Þ�� ��, and applying these bhk lð Þ
��� ���’s in

AOA estimation could adversely affect the accuracy.

Besides limiting the impact of small bhk lð Þ
��� ���’s, a ‘; l; k; uð Þ also

allows VAE-CIR to incorporate prior information. For
example, if uk is known to be within a direction range eQ, we
can exploit such information for AOA estimation by assign-
ing 1 to a ‘; l; k; uð Þ, 8u 2 eQ, and 0 otherwise.

Once the updated score s‘k uð Þ is obtained, we update L as

L ¼ L [ ‘f g: (14)

After going through all L CIR measurements, VAE-CIR
outputs the estimated AOA of the k-th dominant path as2

buk ¼ argmin
u2Q

sLk uð Þ: (15)

VAE-CIR is summarized in Algorithm 1. As shown in
Algorithm 1, the complexity of VAE-CIR mainly comes
from updating the score function s‘kðuÞ based on (13). When
L beams are used for angular inference, (13) will be evalu-
ated LjQj times, where jQj is the cardinality of the search
space Q. Since each evaluation of (13) has a running time of
OðLÞ, the proposed solution has a complexity of OðL2jQjÞ.

Algorithm 1. VAE-CIR

Input: bhk lð Þ, l 2 f1; . . . ; Lg, Gl uð Þ, l 2 f1; . . . ; Lg, u 2 Q, Q, �h
Output: buk
1: s1k uð Þ ¼ 0, 8u 2 Q, L ¼ f1g
2: for ‘=2 to L do
3: for l 2 L do
4: Determine a ‘; l; k; uð Þ based on bhk ‘ð Þ, bhk lð Þ, and other

information (e.g., �h in this paper)
5: end for
6: 8u 2 Q, update s‘�1

k uð Þ to s‘k uð Þ according to Eq. (13)
7: L ¼ L [ ‘f g
8: end for
9: buk ¼ argminu2Q sLk uð Þ

The following lemma provides a hint on the effectiveness
of VAE-CIR.

Lemma 1. In the high SNR regime, uk minimizes sLk uð Þ with
probability 1, where uk is the actual AOA to be estimated.

Fig. 5. The values of Gl1 uð Þ�� ��= Gl2 uð Þ�� �� under different values of u. The
results are obtained based on the 2nd and 3rd beams swept by Dell
D5000 Docking station during sector level sweep.

2. The AOA estimated by VAE-CIR does not necessarily minimize
the angle estimation error. However, the basic design principle of VAE-
CIR can be generalized to obtain the minimum mean square error
(MMSE) estimator by deriving the posterior probability
P uj hk l1ð Þj j= hk l2ð Þj jð Þ [21].
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Proof. See the Appendix, which can be found on the Com-
puter Society Digital Library at http://doi.ieeecomputer
society.org/10.1109/TMC.2020.3015936. tu
Clearly, from Lemma 1, sLk uð Þ achieves its minimum at uk

with probability 1. In other words, if sLk uð Þ has a unique mini-
mizer,buk ¼ uk and thus VAE-CIR accurately outputs the angle
of interestwith probability 1. This result demonstrates another
advantage of VAE-CIR over existing schemes which are only
based on heuristicswithout any performance guarantee.

Given buk, we are interested in whether it is an accurate
estimate of uk. This information is helpful since it enables us
to determine, for example, whether we should collect more
beam-specific measurements to refine buk. Without noise and
non-resolvable multipath components, uk should satisfies
Eq. (11). Considering the potential impacts of noise and
non-resolvable multipath components, we propose to deter-
mine if buk is an accurate estimate of uk through the following
inequality: bhk lð Þ

��� ���bhk l
� 	��� ����

Gl
buk� ���� ���

Gl
buk� ���� ���

������
������ � "; (16)

where l ¼ argmaxl2 L�1;Lf g bhk lð Þ, l ¼ argminl2 L�1;Lf g bhk lð Þ,
and " 2 0; 1½ � is a threshold. We use l and l, instead of L� 1
and L, in Eq. (16) so that we can employ the same " no mat-

ter bhk L� 1ð Þ
��� ��� � bhk Lð Þ

��� ��� or bhk Lð Þ
��� ��� � bhk L� 1ð Þ

��� ���. The effec-

tiveness of this criterion will be evaluated in the next

section using simulations.
Remark: VAE-CIR can be easily extended to 2D arrays by
replacing 2D beam pattern G uð Þ in (13) with the correspond-
ing 3D beam pattern Gðu;fÞ and searching for ðu;fÞ which
minimizes the score function defined in (13), where u is the
azimuth angle and f is the elevation angle. The performance
of this generalized VAE-CIRwill be evaluated in Section 5.3
with the beam patterns generated from 2D arrays. Note that
the math and derivation in the Appendix (available in the
online supplemental material), namely, the proof of Lemma
1, can be easily extended to 2D arrays by replacing the 2D
beam pattern GðuÞ in the Appendix with the 3D beam pat-
tern Gðu;fÞ.

5 PERFORMANCE EVALUATION

5.1 Simulation Setup and Evaluation Methodology

According to [22], [23], the beam patterns of 802.11ad devi-
ces not only depend on the radiation patterns of the antenna

array but also are affected by electrical components around
the array. Thus, we evaluate the effectiveness of VAE-CIR
with both the beam patterns generated by the Discrete Four-
ier Transform (DFT) codebook and those measured on the
Dell D5000 docking station and the TP-Link Talon AD7200
router, which are off-the-shelf 60GHz devices with phased
array antenna and beam sweeping implementation. The 32-
beam patterns swept by D5000 docking stations for device
discovery and the 35 default beams used by Talon routers
are provided in [10] and [11]. In this evaluation, we process
the measurement data in [10] and [11] so that the highest
directional power gain among all beams of each device is
15dB. Our evaluation is conducted in a 4m	 3m room. The
signal propagation in this environment follows the model
suggested by the IEEE Task Group ad, which is validated
by experimental results [24]. In this model, signal paths are
generated by exploiting the clustering phenomenon in a
60GHz channel. Specifically, the first- and second-order
reflections are first generated using ray-tracing techniques
[25], and these paths are then blurred to generate path clus-
ters. For each path identified via ray-tracing, a path cluster
is generated by following the procedure (Section 3.7) and
the parameter settings (Table 10) presented in [24]. Besides
multipath propagation, the received signal is also affected
by an additive Gaussian noise. We assume the CIRs are
extracted from the SSW frames, and thus the preamble is
generated according to the control PHY. Following [9], the
signal is transmitted over a band with center frequency
60:48GHz and bandwidth 1760MHz. We are interested in
the AOAs of dominant paths and thus consider a receive
sector sweep where the transmitter transmits SSW frames
using the same beam pattern while the receiver sweeps
over a set of beams to receive these SSW frames. The STF
and CE field of these SSW frames are generated through
Golay sequences and modulated using p=2-BPSK according
to the 802.11ad standard. Once the signal is received at the
receiver, we implement the channel estimation presented in
Section 3 to extract the beam-specific CIR measurements,
which will be used in VAE-CIR for AOA inference. It
should be noted that the antenna arrays of the transmitter
and the receiver are facing each other in our simulation.

In what follows, we will evaluate the performance of
VAE-CIR based on the two scenarios shown in Figs. 6a and
6b where the transmitter and the receiver are characterized
by their locations. We consider a coordinate system with the
origin at the center of the room. The objects in the environ-
ment are characterized by six-element tuples where the first

Fig. 6. The considered scenarios and the CIR measured in these scenarios. Black blocks in the figure represent objects which could block and reflect the
mmWave signals. (a) The transmitter locates at �2; 0ð Þ. The receiver locates at 2; 0ð Þ. The three objects are characterized by 0:1; 1; 0:4; 0:2; 0�; 3:24ð Þ,
�0:4;�1; 0:6; 0:2; 180�; 3:24ð Þ, 0; 1:45; 0:6; 0:1; 0�; 3:24ð Þ. (b) The transmitter locates at �0:6; 1:4½ �. The receiver locates at 0:6;�1:4½ �. The three objects are
characterized by 1:8;�0:2; 0:2; 0:6; 0�; 3:24ð Þ, �2;�0:5; 0:2; 0:5; 180�; 3:24ð Þ, �1:2; 0:8; 0:4; 0:4; 45�; 3:24ð Þ. (c-d) TheCIRmeasured in scenario A andB.
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two elements record their locations, the next two elements
present their length and width, the fifth element is their ori-
entation, and the last one is their dielectric constant. The
examples of beam-specific CIRs extracted from these two
scenarios are shown in Figs. 6c and 6d where the receiver
uses the 2nd beam measured on the D5000 docking station
for reception and the transmitter adopts a quasi-omni pat-
tern with a transmit power of 25dBm. The dielectric con-
stant of the wall is set to 2 [26]. Form Figs. 6c and 6d, we can
observe 3 peaks in Scenario A and 2 peaks in Scenario B,
which correspond to dominant paths in the environment.
We will take the paths/peaks identified in Figs. 6c and 6d
as examples to evaluate the performance of VAE-CIR.

5.2 Result and Analysis

Fig. 7 compares the probability of correct AOA estimation of
VAE-CIR with those of existing schemes. For effective com-
parison, we consider the angular inference schemes in [4]
and [5], which are referred to as “Rice” and “HP” in Fig. 7.
Similar to VAE-CIR, both of these schemes assign scores to
different directions by correlating beam-specific CIR meas-
urements with the corresponding beams in use and infer
angular information based on the final scores of different
directions. However, unlike VAE-CIR, they exploit absolute
beam-specific CIR measurements, instead of their variations
under different beams, for score updating. Besides, these
two schemes always assign larger score increments to the
directions with higher directional power gain, instead of the
directions offering better match between the variations in
CIRs and the variations in directional gains. For VAE-CIR,

the threshold �h in a ‘; l; k; uð Þ is set to n bh��� ���max

k
, where n ¼ 0:1

and bh��� ���max

k
¼ maxl2 1;


;Lf g bhk lð Þ

��� ���. In other words, bhk lð Þ
��� ��� will

be used to infer uk only if bhk lð Þ
��� ��� � 0:1 bh��� ���max

k
. For the “Rice”

scheme, the k-th dominant CIR component is considered to

be detected under the lth beam if bhk lð Þ
��� ��� � m bh��� ���max

k
[4]. For

the “HP” scheme, the five bhk lð Þ
��� ���’s with the highest ampli-

tudes are used for AOA inference and the estimated AOA is
the center of the direction interval spanned by the five direc-
tions with highest final scores [5]. In Fig. 7, the estimated

AOA buk is considered to be accurate as long as buk � uk

��� ��� � �,
where uk is the true AOA of the k-th path. In our experi-
ment, the signal is transmitted at a power of 25dBm using
the quasi-omni pattern and propagates through a multipath
channel illustrated in Section 5.1. We evaluate the perfor-
mance of VAE-CIR by using the beam patterns measured
on different off-the-shelf 802.11ad devices (Dell D5000 dock-
ing station and TP-Link Talon AD7200 router) as the receiv-
ing beam patterns swept by the receiver.3 Our following
evaluations are based on those paths identified in Fig. 6.
First, we investigate the performance of VAE-CIR in Sce-
nario A and B with the beam patterns measured from the
Dell D5000 docking station. In Figs. 7a and 7b, we present
the AOA estimation results for the first dominant paths in
Scenario A and B with �30dBm noise in the channel. In
Figs. 7c and 7d, we are interested in the AOA of the third
path in Scenario A and the AOA of the second path in Sce-
nario B, where the channel noise is set to �40dBm and
�45dBm, respectively. Then, we redo the experiment for
the first paths in Scenario A and B, but, using the beam pat-
terns measured from the Talon router. The obtained results
are shown in Figs. 7e and 7f where the noise power is set to
�40dBm. From Fig. 7, although the “Rice” and “HP”
schemes achieve reasonable performance in a few cases,

Fig. 7. The probability of correct AOA estimation in different scenarios.

3. By viewing this receiver-side beam sweeping as the transmitter-
side sweeping, our experiment can also be regarded as an evaluation of
the AOD estimation performance of VAE-CIR [5].
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they do not perform well in other cases. In contrast, VAE-
CIR can achieve good AOA estimation results in all these
cases, which demonstrates its effectiveness and the limited
impact of nonresovable CIR components on VAE-CIR. As
shown in Fig. 7, the accuracy of the “Rice” scheme highly
depends on the value of m, and both the “Rice” and “HP”
schemes do not perform well for the 3rd path in Scenario A
and the 2nd path in Scenario B. Compared to VAE-CIR, the
main performance bottleneck of “Rice” and “HP” schemes
is that their adopted score functions are not related to the
AOA to be estimated. Unlike VAE-CIR, for each beam used
for AOA estimation, these schemes always assign higher
score increment to the direction with higher directional
gain. Noticing that a higher directional gain does not neces-
sarily mean the signal is more likely to arrive from the corre-
sponding direction, the direction with the highest score
might not necessarily be the actual AOA (these schemes
output the direction with the highest score as the estimated
AOA), and these schemes are likely to output an accurate
AOA estimation only if the beams used for score updating
have strong side lobes around the angle of interest. By
examining the beam patterns of the D5000 docking station,
we notice that most of its beams do not have strong side
lobes around the AOAs of the 3rd path in Scenario A and
the 2nd path in Scenario B, and thus the “Rice” and the
“HP” schemes do not assign high enough score increments
to the directions of interest, which eventually leads to inac-
curate AOA estimation. In other words, since the “Rice”
and the “HP” schemes assign score increments to different
directions based on the absolute values of directional gains,
which are not closely related to the direction of interest,

their accuracy highly depends on the match between
selected beam patterns and path directions. This observa-
tion further validates VAE-CIR which uses the differences
between variations in bhk lð Þ

��� ���’s and those in directional gains,

the quantities closely related to the direction of interest, for

AOA estimation. When bhk lð Þ
��� ��� is small, the lth beam is

unlikely to have strong side lobes along uk. In this case,
exploiting bhk lð Þ

��� ��� and the lth beam for score increment

would lead to erroneous score increase along the direction
around the strong side lobes of the lth beam. This explains
why the performance of the “Rice” scheme degrades with a
smaller m.

Then, we investigate how the performance of VAE-CIR is
affected by the additive noise and the number of beams
used for measurement. Similar to Fig. 7, we assume the sig-
nal is transmitted at 25dBm using the quasi-omni pattern,

and buk is considered to be accurate as long as buk � uk

��� ��� � 2.

The noise power is set to the value shown in the legend of
Fig. 8. The results shown in Fig. 8 are obtained based on the
32 beams of the Dell D5000 docking station. From Fig. 8, the
accuracy of AOA estimation generally improves when more
beams are available for beam-specific CIR collection. With
more beam-specific measurements, we could make more
informative decisions and thus improve the accuracy of the
AOA estimation. It can be observed from Fig. 8 that more
accurate angular inference can be achieved when there is
less noise in the channel. Clearly from Section 4, the accu-

racy of VAE-CIR depends on how accurately bhk lð Þ
��� ��� approx-

imates hk lð Þj j. The derivation in Section 3.2 shows thatbhk lð Þ
��� ��� more accurately approximates hk lð Þj j when there is

less noise in the channel. This explains why the perfor-
mance of VAE-CIR improves with noise power decreasing.
The impact of noise also can be shown through the observa-
tion that VAE-CIR achieves different accuracy for different
paths. For example, for the two paths identified in Fig. 6d,
we can achieve a higher probability of correct AOA estima-
tion for the 1st path (shown in Fig. 8b). From 6d, the domi-
nant CIR component corresponding to the 1st path is much
stronger than that corresponding to the 2nd path and thus
is less susceptible to noise, which eventually leads to a
higher probability of correct AOA estimation. This can be
further corroborated by the results in Fig. 9 where we
change n from 0.1 to 0.5 and bhk lð Þ will be used in score

updating only when bhk lð Þ
��� ��� � 0:5 bh��� ���max

k
. In so doing, weak

Fig. 8. The probability of correct AOA estimation versus additive noise
and the number of beams used for CIR measurement.

Fig. 9. The probability of correct AOA estimation versus weight factors.
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bhk lð Þ
��� ���’s significantly distorted by noise are more likely to be
excluded from AOA estimation, which reduces accumula-
tion of noise effect and improves the probability of correct
AOA estimation as shown in Fig. 9, particularly when a
large number of beam-specific CIRs are used for angular
inference. These observations also demonstrate the impor-
tance of introducing the weight factors a ‘; l; k; uð Þ’s to VAE-

CIR. It should be noted that a large n will not always lead to
a better performance since it might limit the number of CIR
measurements exploited for AOA estimation. As shown in
Fig. 8, in this case, we might not be able to accurately esti-
mate the AOAs due to limited information. In practice, the
value of n should be carefully selected. How to choose the
optimal n is out of the scope this paper and will be left for
future work.

Besides the probability of correct AOA estimation, we
also plot the mean and standard deviation of AOA estima-
tion error, when VAE-CIR is applied to the three paths in
Fig. 6c, as a function of received signal-to-noise-ratio (SNR)
in Fig. 10. We adopt the same parameter settings as Fig. 8a,
and the first 24 beams of the Dell D5000 docking station are
used in our experiment. The results are presented as error
bars around the mean of AOA estimation error, and the
error bars in Fig. 10 represent the standard deviation of the
AOA estimation error. As shown in Fig. 10, the performance
of VAE-CIR improves as the SNR rises, which aligns well
with the results in Fig. 8a. For the 1st and the 2nd paths,
VAE-CIR can accurately estimate the AOA even if the SNR
is as low as 0dB. Compared to the 1st and 2nd paths, the
3rd path requires a higher SNR to achieve accurate AOA
estimation since it is weaker as shown in Fig. 6c.

Noticing that 802.11ad also supports non-light-of-sight
(NLOS) operation, we further evaluate the performance
of VAE-CIR under an NLOS condition in Fig. 11. We con-
sider the scenario in Fig. 6a with the light-of-sight (LOS)
path blocked by an object located at (0,0). We apply VAE-

CIR to this scenario and plot the aggregated probability
of correct AOA estimation over all dominant paths in the
channel in Fig. 11 as a function of received SNR. The
parameter settings are the same as those in Fig. 10, and
the results are obtained based on the beams of Dell D5000
docking stations. Fig. 11 shows VAE-CIR can accurately
estimate the AOA even when the LOS path is blocked,
which demonstrates its effectiveness under the NLOS
condition.

To study VAE-CIR’s performance in more dense envi-
ronments, we add three more reflectors characterized
by 1;�0:5; 0:4; 0:5; 45�; 3:24ð Þ, �0:6; 0:5; 0:5; 0:6;�45�; 3:24ð Þ,
and �1:5;�0:5; 0:5; 0:7; 0�; 3:24ð Þ to the scenario shown in
Fig. 6a. We apply VAE-CIR to this scenario for AOA infer-
ence and the aggregated probability of correct AOA estima-
tion over all dominant paths in the channel is shown in
Fig. 12, where we adopt the same parameter settings and set
of beams as in Fig. 11. We can observe from Fig. 12 that
VAE-CIR can accurately estimate the AOA with a high
probability in spite of the existence of non-resolvable paths,
demonstrating that non-resolvable paths have only limited
effect on VAE-CIR.

In Fig. 13, we study the performance of VAE-CIR at
various transmitter and receiver positions. Specifically,
we consider a 4m	 3m room and randomly generate 100
pairs of transmitter’s and receiver’s locations so that they

Fig. 10. The mean and standard deviation of the AOA estimation error.

Fig. 11. The probability of correct AOA estimation under an NLOS
condition.

Fig. 12. The probability of correct AOA estimation in a dense
environment.

Fig. 13. The probability of correct AOA estimation under randomly dis-
tributed transmitters and receivers.
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are at least 3m apart. We apply VAE-CIR to each pair of
locations, and the aggregated probability of correct AOA
estimation over all dominant paths identified from the
100 pairs of locations are shown in Fig. 13. In our experi-
ment, the same parameter settings as in Section 5.1 are
used and the estimated AOAs are obtained based on the
beams of Dell D5000 docking station. The estimated AOA
is considered to be accurate when the estimation error is
within two degrees. The results in Fig. 13 show that VAE-
CIR achieves accurate AOA estimation with high proba-
bility, demonstrating the effectiveness of VAE-CIR for
different transmitter and receiver positions.

To further evaluate the effectiveness of VAE-CIR, we
conduct a case study where the AOA estimation results
of VAE-CIR are used for beam selection. Specifically, we
take measurements on a set of low-resolution beams and
estimate the AOA of the dominant paths based on VAE-

CIR. Then, we select the high-resolution beam to be used
for transmissions according to the estimated AOAs. In
our evaluation, the beams of the Dell D5000 docking sta-
tion are used as the low-resolution beams and the high-
resolution beams are generated from an eight-element
array based on the DFT codebook with half-wavelength
antenna spacing. The directions of the neighboring high-
resolution beams are 15� apart. We evaluate the percent-
age of received power loss with respect to the optimal
beam selection when each of the dominant paths are used
for signal propagation, and the results shown in Fig. 14
are averaged over different dominant paths. The parame-
ter settings are the same as in Section 5.1. In Fig. 14, we
also present the results when the “Rice” scheme and
direct sector level sweep (SLS) are used for AOAs estima-
tion and high-resolution beam selection. The parameter m
for the “Rice” scheme is set to 0.7. Fig. 14 shows VAE-

CIR’s significant performance improvement over the
“Rice” scheme and SLS. From Fig. 14, the AOA estimation
error of VAE-CIR results in only a small amount of loss in
received signal strength and the situation improves as the
received SNR during AOA estimation rises. These results
further demonstrate the effectiveness of VAE-CIR.

Finally, we evaluate if the criterion introduced at the end
of Section 4 can correctly determine if buk is an accurate esti-
mate of uk. Specifically, we redo the simulation in Fig. 8
with n ¼ 0:1 and the 32 beams of the D5000 docking station.
Similar to Fig. 8, buk is considered to be an accurate estimate
of uk if buk � uk

��� ��� � 2. Each time VAE-CIR outputs an

estimated AOA, buk, we check if Eq. (16) is valid, with " set to
0.3 to account for the potential impact of noise. If the
inequality is valid, the criterion determines buk to be an accu-
rate estimate of uk. The decisions being made is then com-
pared to the ground truth. The results are shown in Table 1
where PF is the percentage that the proposed criterion mis-
classifies buk as an accurate estimate of uk and PD is the per-
centage that the proposed criterion correctly identify buk as
an accurate estimate of uk. From Table 1, the criterion in
Eq. (16) can accurately determine if buk is an accurate esti-
mate of uk. As demonstrated in Fig. 6d, the 2nd path in Sce-
nario B is weaker than the 1st path. Hence, for the two paths
in Scenario B, the criterion in Eq. (16) is more susceptible to
noise and thus less accurate when applied to the 2nd path.

5.3 Results on 2D Arrays

At the end of Section 4, we discussed how VAE-CIR could
be generalized to 2D arrays. Here we will evaluate the per-
formance of this generalized VAE-CIR on 2D arrays. The
following experiments are performed in a 4:5m	 3m	 3m
room where a transmitter at ð�2; 1:25; 3Þ transmits to a
receiver at (0.5,0.5,1). The beam patterns adopted in our
evaluation are generated from 2D arrays based on the DFT
codebook with half-wavelength antenna spacing. The
neighboring beams point to directions which are Du degrees
apart either in azimuth or elevation. A smaller Du results in
better angular resolution, but higher overhead of beam
sweeping.

Fig. 15 plots the aggregated probability of correct AOA
estimation over all dominant paths in the channel as a func-
tion of received SNR. We adopt the same parameter settings
as in Section 5.1, and n in að‘; l; k; uÞ is set to 0.3. The results
are obtained using beams with Du ¼ 10. From Fig. 15, VAE-
CIR achieves accurate AOA estimation on both 2	 2 and
6	 6 arrays and has a high probability of correct AOA esti-
mation on the 6	 6 array. When compared to a 6	 6 array,
a 2	 2 array has a larger 3dB beamwidth, and the ratios of

Fig. 14. The impact of different angular inference schemes on received
signal power.

TABLE 1
The Performance of the Criterion in Eq. (16)

Fig. 15. The performance of VAE-CIR on 2	 2 and 6	 6 arrays.
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its beam-specific directional gains are less sensitive to the
change in direction. In other words, VAE-CIR is more sus-
ceptible to noise when applying to a 2	 2 array, explaining
the results in Fig. 15.

Besides the probability of correct AOA estimation, we fur-
ther evaluate the mean and standard deviation of the angle
estimation error of VAE-CIR on a 6	 6 array. The results are
shown in Fig. 16 where we focus on the angle estimation
error of the weakest dominant path and the results of VAE-
CIR are obtained using beams with Du ¼ 10. In Fig. 16, the
results are presented via error bars around the mean of esti-
mation error, and the error bars represent the standard devi-
ation of the estimation error. Besides VAE-CIR, the mean
and standard deviation of the angle estimation error using
direct SLS are also shown in Fig. 16. From Fig. 16, the perfor-
mance of both VAE-CIR and direct SLS improves as the SNR
increases, and VAE-CIR can achieve similar performance as
direct SLS with Du ¼ 6 using beams with Du ¼ 10. In other
words, when compared to SLS, VAE-CIR is less constrained
by the angular resolution, Du, of the beams used for angular
inference. This demonstrates the superiority of VAE-CIR to
SLS since, in practice, the beams swept during SLS might not
be able to provide the desired Du in order to control beam-
training overhead.

6 CONCLUSION

In this paper, we propose a direction-estimation scheme,
called VAE-CIR, for 802.11ad devices by exploiting beam-
specific CIR measurements. Unlike prior work, we exploit
the variations between the CIRs measured under different
beams, instead of their absolute values, for angular infer-
ence and prove that the performance of VAE-CIR can be
guaranteed in the high SNR regime. To evaluate the perfor-
mance of VAE-CIR, we have simulated the beam sweeping
operation of 802.11ad devices with beam patterns measured
on off-the-shelf 802.11ad devices and generated the 60GHz
channel based on ray-tracing. Our evaluation results dem-
onstrate that VAE-CIR can make more accurate angular
inference for 802.11ad devices than existing schemes. We
expect VAE-CIR to enable various applications, such as the
link performance prediction and device tracking, on
802.11ad devices when combined with other proposals for
60GHz networking.
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