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Abstract—Today’s mmWave WLANs can realize simultaneous
multi-user multi-stream transmission solely on the downlink. In
this paper, we present Uplink Multi-user Beamforming on single
RF chain AP (UMBRA), a novel framework for supporting multi-
stream multi-user uplink transmissions via a single RF chain.
We design multi-user overlayed constellations and multi-user
receiver mechanisms to enable concurrent time-triggered uplink
multi-user transmissions received on a single RF chain AP. We
devise exemplary beam selection policies to jointly adapt beams
at users and the AP for targeting aggregate rate maximization
without increasing training requirements compared to single-
user systems. We implement the key components of UMBRA
using a programmable WLAN testbed using software-defined
radios and commercial 60-GHz transceivers and collect over-
the-air measurements using phased-array antennas and horn
antennas with varying beamwidth. We find that in comparison
to single-user transmissions, UMBRA achieves more than 1.45×

improvement in aggregate rate regardless of the choice of the
user group, geometric separation, and receiver beamwidth.

I. INTRODUCTION

Millimeter wave WLANs can realize downlink multi-user

transmission by exploiting directional transmission and phys-

ical separation of clients [1]. In contrast, simultaneous uplink

transmission must address the inevitable interference from

clients directing their transmissions towards a common point

in space, namely, the receiving AP. In this paper, we de-

sign and experimentally evaluate UMBRA, Uplink Multi-User

Beamforming via a Single RF chain AP, the first system

for multi-user mmWave uplink. In particular, we make the

following contributions.
First, we propose a 60 GHz WLAN architecture for a multi-

user uplink using only a single RF chain at the AP. That is, the

AP has a phased array for receive and transmit beamforming,

but does not have MIMO.1 Transmission is initiated by the AP

with a downlink trigger frame as employed by standards such

as IEEE 802.11ax [2]. After the trigger frame, we stagger

uplink client PHY preambles so that the AP can obtain a

“clean” (interference-free) channel measurement for each user

to be used during decoding. Subsequently, the triggered clients

transmit their uplink data frames in parallel. While these

frames are temporally aligned by the trigger, they arrive at

the AP offset by the clients’ different propagation delays.

Consequently, we design UMBRA to enable asynchronous

decoding, i.e., we do not require symbol-level synchroniza-

tion. To realize this feature, we design Scalable Multi-User

1While UMBRA can be extended to the MIMO case with multiple RF
chains at the AP, for ease of exposition, we focus on a system with a single
RF chain.

Overlayed Constellations. In particular, we overlay Amplitude

and Phase Shift Keying (APSK) constellations such that each

user is assigned one or more consecutive rings and groups of

rings are assigned to users such that the highest SNR user

has the outermost ring. With sufficient SNR spread among the

rings, the AP can then successively decode one user at a time

starting with the highest SNR user, i.e., we enable the use of

Successive Interference Cancellation (SIC) decoding [3]. We

show that with this multi-user overlay strategy, at each stage of

stream separation, the current symbol being decoded on a par-

ticular nearly-constant amplitude constellation ring is resilient

to the detrimental impact of phase noise impairment caused

by interference from other streams which are being received at

significantly different amplitudes. Moreover, we design a Car-

rier Frequency Offset (CFO) compensation method comprised

of pre-compensation and iterative correction. This allows the

AP to apply the offset of each user to the composite stream

at each interference cancellation iteration, while treating the

rest of the signals as noise. When decoding the signal from

one user, the AP employs an interference alleviation filter

specifically designed from the training preamble of that user

to cancel the interference and recover the signal.
Next, we show how to use beam selection to attain the

desired ring separation and hence, SNR separation, at the

access point in order to realize high aggregate rate. We show

how both AP and client beams can be re-steered to maximize

the aggregate multi-user rate using the outcome of single

user training, i.e., without transmission of additional training

frames. Nonetheless, each steering combination requires a

computation to determine the aggregate rate. Thus, we study

three policies with different computational requirements, span-

ning from testing all AP and user beam combinations, to only

letting the AP re-steer its beam.
Finally, we implement the key components of UMBRA using

X60, a programmable testbed for wide-band 60 GHz WLANs

with electronically-steerable phased arrays [4]. Moreover, we

also deploy a WARP-60 testbed using a steerable 60 GHz

RF-frontend combined with the software defined radio plat-

form WARP [5]. This platform utilizes mechanically steerable

horn antenna with configurable beamwidths. Using these two

testbeds, we perform over 67,000 over-the-air measurements

and subsequently perform trace-driven emulations to study

UMBRA. Our experiments demonstrate that with beam re-

steering at the AP and at least one of the grouped users,

UMBRA yields aggregate rate gains of up to 1.45× over

Single User irrespective of the choice of the user group and
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Ŝi = Pi
H
C. (4)

The optimal filter can be derived by solving the mean squared

error (MSE) optimization and is given as

Pi = E[CC
H ]−1

E[CSi
H ]. (5)

We take advantage of the preamble symbols sent by each user i

and estimate E[CC
H ] and E[CSi

H ] using statistical averaging

operation over the preamble symbols [S̃i(1), S̃i(2), · · · , S̃i(L)]
of user i and the received preamble symbols at the AP

[C̃(1), C̃(2), · · · , C̃(L)] which also include the interfering

signals from other users. This is given as

E[CC
H ]←

1

L

L∑

l=1

C̃(l)C̃(l)H (6)

E[CSi
H ]←

1

L

L∑

l=1

C̃(l)S̃i(l)
H (7)

In order to decode the signal from user i at the AP, the filter Pi

is constructed using Equation (5) and then estimate the signal

using Equation (4). After the first stream has been decoded, the

composite signal is multiplied by ej2π∆fin to remove the CFO

component of the ith user’s stream. This process is continued

for the rest of the users until all streams are decoded.
Lastly, we have found with symbol level simulations that

symbol offset due to propagation delay differences has a

relatively minor impact on the decoding reliability of UMBRA

provided user streams are decoded with a sufficient SNR

spread. For example, with SNR difference of at least 9 dB,

the AP achieves a BER of 10−5 to decode the overlay

constellations of 4-APSK and 2-APSK streams received with

a maximum propagation delay of up to 1 µs and CFO of

400 Hz. Hence, we do not compensate for this effect.

III. CONSTRAINED BEAM ADAPTATION

Because UMBRA decoding is improved with high SNR

spread among users, we employ beam steering at the clients

and AP to ensure sufficient SNR spread. In our system

architecture, the AP is constrained to use a single receive beam

from its predefined codebook to receive a superposition of data

streams. Moreover, while the AP and all clients have previ-

ously been trained for single-user transmission, these beams

that maximize the SNR for single user transmission may not

be the best beams for multi-user transmission. Thus, some

beams may need to be re-steered to improve the aggregate

multi-user rate. In this section, we describe UMBRA’s AP and

client beam selection with a joint focus on aggregate rate and

overhead. We describe policies in which some or all users are

prohibited from re-steering their beams in order to not incur

computation overhead.

A. Training and Computational Overhead

In single-user 802.11ad beam training, the sender sequen-

tially transmits on each of its sectors (codebook entries) and

the receiver subsequently identifies and feeds back the ID

of the sector that yields the highest SNR. For example, the

AP first sends training frames sequentially on all CAP of its

codebook entries (beams) while the user employs quasi-omni

reception to find the highest SNR transmit beam from the AP.

The AP’s highest SNR sector is identified by the user and fed

back in a control message. Conversely, user u sweeps though

its Cu beams while the AP is in quasi-omni receive mode in

order to find the user’s highest SNR beam. The AP similarly

feeds this information back to the user. This training yields the

best bi-directional AP-user beam pair via a total of CAP +Cu

test transmissions and two feedback messages.

In contrast to solely feeding back the ID of the maximum

SNR sector, UMBRA requires clients to feedback the SNR

of all measured sectors. This enables the AP to re-steer its

receive beam in a way that yields the best SNR spread and

aggregate throughput. In our design, the AP does not need to

feed back SNR-sector measurements to the clients: In UMBRA,

if a client should re-steer to further increase throughput, the

AP will notify the client which sector to use in the trigger

message. Thus, UMBRA does not require additional training

compared to 802.11ad, but does require a more rich feedback

message from clients to report the results of the training.

We define computational cost as the number of beam

combinations that must be compared at the AP. If only the AP

re-steers, it must check all of its receive beams and select the

beam with the maximum rate, a computation that is O(CAP ).
If one or more clients are allowed to re-steer, then there

are additional computations required at the AP. Below, we

introduce policies which vary in their computation cost, but

all require the same feedback as above.

B. All-Node Re-steering for Rate Maximization

Here, we present All-Steer as a UMBRA beam selection

policy that specifies for each uplink transmission, the transmit

and receive beams (codebook entry) to be used and the

modulation and coding scheme for each data stream at the

user. This policy targets to maximize the aggregate rate of a

user group without any constraints on computational overhead.

We consider N users selected for uplink transmission. Let

bj ∈ CAP denote the beam index in the AP codebook and

bk ∈ Cu denote the beam index in the user’s u codebook. The

input to the beam selection policy is the training information

for each user that comprises the measured signal-to-noise ratio

(SNR) for each beam pair SNRu(bj, bk), computed as the sum

of the respective SNRs measured with one node in pseudo-

omni reception. The achievable data rate Ru(bj, bk) by user

u on each beam pair can be expressed as

Ru(bk, bj) = MCS(SNRu(bk, bj)) (8)

where MCS(·) gives the data rate achievable for a particular

SNR via the single-user minimum SNR tables.

In Single User transmission, the AP maximizes the single-

user rate by choosing the beam pair having maximum

SNR. We denote this Single User beam pair for user u as

(bmax
k,u , bmax

j,u ) and the corresponding Single User rate as Rmax
u

and it is given by

(bmax
k,u , bmax

j,u ) = argmax
(bk,bj)

SNRu(bk, bj) (9)

Rmax
u = MCS(SNRu((b

max
k,u , bmax

j,u )). (10)

IEEE INFOCOM 2021 - IEEE Conference on Computer Communications

Authorized licensed use limited to: Fondren Library Rice University. Downloaded on July 27,2021 at 16:22:52 UTC from IEEE Xplore.  Restrictions apply. 



U2

AP

U1 U1

U2

AP

SU optimal
beam

SU optimal
beam

U1

U2

AP

SU optimal
beam

Fig. 5: Illustrative scenario of constrained beam adaptation using (Left) All-Steer. (Middle) AP-Steers. (Right) Freeze-Subset.

Let G be the user group to be triggered by the AP.

All-Steer must determine the best user beams {bk,u}u∈G to

transmit to a shared receive beam bj at the AP. Such beams

will be those that result in highest SNR spread and thereby

maximum achievable aggregate rate for the receive beam bj
and these beams may not be the best Single User beam pair

(bmax
k,u , bmax

j,u ). The objective of All-Steer is as follows

(b∗j , {b
∗
k,u}u∈G) = argmax

∑

u

Ru(bk, bj) (11a)

s.t. bk,u ∈ Cu, u ∈ G (11b)

bj ∈ CAP. (11c)

Equation (11a) optimizes the beam selection to maximize the

sum rate by finding the best receive beam at the AP b∗j that

could be shared by all the users in the group G while each

user u ∈ G will be using their best transmit beam {b∗k,u}
for the selected receive beam. Furthermore, the maximum

aggregate rate resulting from this beam selection is achieved

only when sufficient SNR spread is available as this enables

efficient decoding with maximal separation among the inter-

user rings as discussed in Sec. II-B. The two constraints ensure

that the transmit and receive beams are selected from the

predefined user and AP codebooks respectively. Fig. 5 (left)

depicts an example scenario where All-Steer jointly optimizes

the beam selection by enabling the AP and the two users to

simultaneously beam steer to create sufficient SNR difference

for successful stream decoding and targets to increase the sum

rate if possible. Computationally, with All-Steer, the optimal

solution of Equation (11) yields to an exhaustive search over

all possible AP-user beam tuples combinations. Hence, the

AP finds the final beam configuration by checking a total of

CG
AP ·

∏G
u=1 Cu distinct beam combinations and then feeds

back the final beam IDs to the re-steering users.

C. AP Only Re-Steering

To obtain the maximum aggregate rate using All-Steer, we

need to exhaustively search every combination of the beams at

AP and the target set of users. Unfortunately, implementation

of this exhaustive search may not be practical in real scenarios

due to the high computational overhead.

Here, we introduce AP-Steers as a policy on the other end

of the design spectrum. Namely, in order to limit the search

overhead, only the AP re-steers while all the users in the

group G freeze their best transmit beams {bmax
k,u }u∈G found

during the initial beam training. Namely, the AP picks the top

candidate set of receive beams that are optimal in potentially

maximizing aggregate rate for multi-user transmission while

the users use their best TX beam under all AP receive beams.

Subsequently, the AP finds the final receive beam b∗j by

performing a search among all the possible combinations of

candidate receive beams at its end. Note that this policy does

not introduce additional overhead for user beam selection as

the SNR associated with each beam is already available at the

AP after initial beam sweeps. Hence, the maximum computa-

tional cost at the AP to find the best analog configuration is

O(CAP). Fig. 5 (middle) depicts the AP-Steers beam selection

mechanism in which the two users use their best transmit

beams as the AP re-steers at its end to find the best receive

beam with maximum SNR spread and thereby the aggregate

rate.

D. Freezing a Subset of Users

Here, we present a final UMBRA strategy that represents a

balance between All-Steer and AP-Steers. Namely, we present

Freeze-Subset as a policy that significantly reduces the search

space of All-Steer by exploiting the fact that grouped users

with maximum aggregate rate are typically composed of

streams having high SNR spread. Furthermore, if all users

have the same SNR, UMBRA cannot realize a gain over

Single User as there is no SNR margin between the users

to counteract the inter-user interference and improve decoding

reliability. Hence, Freeze-Subset avoids computing all possible

beam combinations by choosing a subset of users from the

target user group to re-steer jointly with the AP to find the

optimal multi-user beam configuration that targets to maximize

the SNR spread and potentially increase aggregate rate. The

remaining non re-steering users in the group freeze their

transmit beams to share the common receive beam at the AP.

More formally, we define Freeze-Subset as follows. For

a target set of grouped users G, Freeze-Subset first sorts

users in decreasing order of their maximum single-user SNR

corresponding to their best beam pair (bmax
k,u , bmax

j,u ) with the

first sorted user having the highest SNR. Freeze-Subset begins

with an initial “prime user” to re-steer with the AP, while

the other users are held to their best transmit beams for the

chosen AP receive beam. While any user can be a prime user,

we select the user having the highest SNR as the prime user

as this user will be decoded first using SIC to have control on

the inter-user interference and reduce decoding propagation

errors. Freeze-Subset iterates the same procedure by searching

for other users in the group to re-steer jointly with the AP

and can form a higher aggregate rate multi-user transmission

with the existing users. Finally, at the end of beam selection

process, the AP notifies the re-steering users with their final

beam IDs. Let g ⊂ |G| denote the final outcome of number
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