
1. Beam sweeping: covering a spatial area with a set of beams
2. Beam measurement: evaluate the quality of the received signal
3. Beam determination: the selection of the suitable beam based on measurements
4. Beam reporting: feedback of transceiver decision in the beam determination phase
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OVERVIEW

q 5G is currently undergoing standardization in 3GPP as New Radio (NR) with support
for mmWave frequencies à huge rates but unstable propagation

q Need for fine and durable alignment of the beam pair
q Need to TRACK and MONITOR the channel quality à BEAM MANAGEMENT

GOAL: Definition of mmWave-aware initial access (IA) strategies

3GPP NR BEAM MANAGEMENT

RESULTS and DISCUSSION
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Fig. 3: CDF of the SNR, for different antenna configurations. �f = 120
kHz, Nrep = 0. The red dashed line represents the SNR threshold � = �5
dB that has been considered throughout this work.
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Fig. 4: PMD as a function of �b, for different antenna configurations.

IV. RESULTS AND DISCUSSION

In this section, we present some simulation results aiming at
(i) evaluating the performance of the presented initial access
schemes in terms of detection accuracy (i.e., probability of
misdetection), as reported in Sec. IV-A; (ii) describing the
analysis and the results related to the performance of the mea-
surement frameworks for the reactiveness and the overhead,
respectively in Sec. IV-B and Sec. IV-C. Final considerations
and remarks, aiming at providing guidelines to characterize the
optimal IA configuration settings as a function of the system
parameters, are contained in Sec. IV-D.

A. Detection Accuracy Results
In Fig. 3 we plot the Cumulative Distribution Function

(CDF) of the SNR between the mobile terminal and the
gNB it is associated to, for different antenna configurations
and considering two density values. Notice that the curves
are not smooth because of the progressive transitions of the
SNR among the different path loss regimes, i.e., Line of
Sight (LOS), Non Line of Sight (NLOS) and outage. We see
that better detection accuracy performance can be achieved
when densifying the network and when using larger arrays.
In the first case, the endpoints are progressively closer, thus
ensuring better signal quality and, in general, stronger received
power. In the second case, narrower beams can be steered thus
guaranteeing higher gains produced by beamforming. We also
notice that, for good SNR regimes, the M

gNB

= 4,M
UE

= 4

and M
gNB

= 64,M
UE

= 4 configurations present good
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Fig. 5: PMD as a function of �b, for different subcarrier spacings �f
and repetition strategies and for different antenna configurations. MgNB =
4,MUE = 4, � = �5 dB.

enough SNR values: in these regions, the channel conditions
are sufficiently good to ensure satisfactory signal quality (and,
consequently, acceptable misdetection) even when considering
small antenna factors. Finally, the red line represents the SNR
threshold � = �5 dB that we will consider in this work.

Analogous considerations can be deduced from Fig. 4 which
illustrates how the misdetection probability monotonically
decreases when the gNB density �

b

progressively increases
or when the transceiver is equipped with a larger number of
antenna elements, since more focused beams can be gener-
ated in this case. Moreover, we notice that the beamforming
strategy in which the UE transmits or receives omnidirec-
tionally, although guaranteeing fast access operations, does
not ensure accurate IA performance and leads to degraded
detection capabilities. More specifically, the gap with a fully
directional architecture (e.g., M

gNB

= 64,M
UE

= 16) is
quite remarkable for very dense scenarios, and increases as
the gNB density increases. For example, the configuration
with 16 antennas (i.e., M

UE

= 16) and that with a single
omnidirectional antenna at the UE reach the same P

MD

, but
at different values of gNB density �

b

, respectively 30 and 35
[gNB/km2

]: the omnidirectional configuration requires a higher
density (i.e., 5 [gNB/km2

] more) to compensate for the smaller
beamforming gain.

Finally, Fig. 5 reports the misdetection probability related
to �

b

, for different subcarrier spacings �

f

and repetition
strategies D. First, we see that, if no repetitions are used (i.e.,
D = 0), lower detection accuracy performance is associated
with the �

f

= 240 kHz configuration, due to the resulting
larger impact of the thermal noise and the consequent SNR
degradation. Furthermore, the detection efficiency can be en-
hanced by repeating the SS block information embedded in the
first 240 subcarriers in the remaining subcarriers (i.e., D = 1),
to increase the robustness of the communication and mitigate
the effect of the noise in the detection process. In fact, if a
frequency diversity approach is preferred, the UE (in the DL
measurement technique) or the gNB (in the UL measurement
technique) has N

rep

> 1 attempts to properly collect the
synchronization signals exchanged during the beam sweeping
phase, compared to the single opportunity the nodes would
have had if they had not implemented any repetition strategy.

We also observe that the �

f

= 120 kHz with no frequency
diversity configuration and the �

f

= 240 kHz scheme with
N

rep

= 5 produce the same detection accuracy results, thus
showing how the effect of increasing the subcarrier spacing
and the number of repetitions of the SS block information in
multiple frequency subbands almost compensates in terms of
misdetection capabilities. Finally, we observe that the impact
of the frequency diversity D and the subcarrier spacing �

f

is less significant when increasing the array factor, as can be
seen from the reduced gap between the curves plotted in Fig.
5 for the M

gNB

= 4,M
UE

= 4 and M
gNB

= 64,M
UE

= 4

configurations. The reason is that, when considering larger
arrays, even the configuration with �

f

= 240 kHz and no
repetitions has an average SNR which is high enough to reach
small misdetection probability values.

B. Reactiveness Results
For initial access, reactiveness is defined as the delay

required to perform a full iterative search in all the possi-
ble combinations of the directions. The gNB and the UE
need to scan respectively N

✓,gNB

N
�,gNB

and N
✓,UE

N
�,UE

directions to cover the whole horizontal and vertical space.
Moreover, they can transmit or receive respectively K

BF,gNB

and K
BF,UE

beams simultaneously. Notice that, as mentioned
in Sec. III, for digital and omnidirectional architectures K

BF

=

min{N
✓

N
�

,M}, for hybrid K
BF

= min{N
✓

N
�

,M}/⌫,
where ⌫ is a factor that limits the number of directions in
which it is possible to transmit or receive at the same time,
and for analog K

BF

= 1 [31].
Then the total number of SS blocks needed is4

S
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=

⇠
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N
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K
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⇡
. (3)

Given that there are N
SS

blocks in a burst, the total delay
from the beginning of an SS burst transmission in a gNB to
the completion of the sweep in all the possible directions is

T
IA

= T
SS

✓⇠
S
D

N
SS

⇡
� 1

◆
+ T

last

, (4)

where T
last

is the time required to transmit the remaining SS
blocks in the last burst (notice the there may be just one burst,
thus the first term in Eq. (4) would be 0). This term depends
on the subcarrier spacing and on the number of remaining SS
blocks which is given by

N
SS,left

= S
D

�N
SS

✓⇠
S
D

N
SS

⇡
� 1

◆
. (5)

Then, T
last

is

T
last

=

(
NSS,left

2

T
slot

� 2T
symb

if N
SS,left

mod 2 = 0j
NSS,left

2

k
T
slot

+ 6T
symb

otherwise,
(6)

4We recall that hybrid or digital architectures consume more power than
analog ones, if the same number of bits in the ADCs is used, and thus are
more likely to be implemented only at the receiver side. Nevertheless, some
ADC configurations enable energy efficient digital beamforming (e.g., 3 bits
ADC [28]), with a power consumption equivalent to analog implementation.
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Fig. 6: TIA as a function of NSS with TSS = 20 ms.

The two different options account for an even or odd remaining
number of SS blocks. In the first case, the SS blocks are sent
in N

SS,left

/2 slots, with total duration N
SS,left

/2T
slot

, but the
last one is actually received in the 12th symbol of the last slot,
i.e., 2 symbols before the end of that slot, given the positions
of the SS blocks in each slot described in [18]. If instead
N

SS,left

is odd, six symbols of slot bN
SS,left

/2c + 1 are also
used.

A selection of results is presented in the next paragraphs. In
Fig. 6 we consider first the impact of the number of SS blocks
in a burst, with a fixed SS burst periodicity T

SS

= 20 ms and
for different beamforming strategies and antenna configura-
tions. In particular in Fig. 6a, in which both the UE and the
gNB use analog beamforming, the initial access delay heavily
depends on the number of antennas at the transceivers since
all the available directions must be scanned one by one. It
may take up from 0.6 s (with N

SS

= 64) to 5.2 s (with
N

SS

= 8) to transmit and receive all the possible beams,
which makes the scheme infeasible for practical usage. A
reduction in the sweeping time can be achieved either by

SUMMARY of RESULTS

q Synchronization Signal (SS) block and burst to estimate the channel and select the
best gNB to attach to

q Standalone. UE connects only to an NR gNB at mmWave frequencies
q Multi-connectivity. UE maintains multiple possible signal paths to different cells

at different frequencies (i.e., mmWaves and sub-6 GHz)
q Downlink. The gNBs transmit synchronization signals via SS blocks
q Uplink. The UEs transmit Sounding Reference Signals (SRSs)

networks is dramatically changing the traditional notion of
a communication cell [3], increasing the importance of the
uplink traffic and advocating the design of UL-driven solutions
for both the data and the control planes.

The first procedure for IA is beam sweeping, i.e., covering
a spatial area with a set of beams transmitted and received
according to pre-specified intervals and directions. Meanwhile
the second procedure, denominated beam measurement, re-
quires the UEs in a downlink framework (or the gNBs in
an uplink one) to evaluate the quality of the received signal.
Different metrics could be used [22]. In this paper, we consider
the Signal to Noise Ratio (SNR), which is the linear average of
the received power on different resources with synchronization
signals over the noise power. The third procedure is beam
determination, i.e., the selection of the suitable beam or beams
either at the gNB or at the UE, according to the measurements
obtained with the beam measurement procedure. This proce-
dure differs in the DL and UL frameworks. In downlink, the
UE performs autonomously a decision on the best direction
in which IA should be performed. In uplink, instead, the
gNBs forward the collected information to a central controller,
which then decides which is the best direction. The fourth and
final procedure is beam reporting, i.e., the UE sends to the
Radio Access Network (RAN) information on the quality of
the received beamformed signals and on its decision in the
beam determination phase. In a standalone downlink (SA-DL)
framework, as proposed by 3GPP, the mobile terminal has
to wait for the gNB to schedule the Random Access Channel
(RACH) opportunity towards the best direction that the UE has
just determined, for performing random access and implicitly
informing the selected serving infrastructure about the optimal
direction through which it has to steer its beam. It has been
agreed that for each SS block the gNB will specify one or
more RACH opportunities with a certain time and frequency
offset and direction, so that the UE knows when to transmit
the RACH preamble [23]. When a multi-connectivity downlink
(MC-DL) scheme is considered, instead, the UE can use the
LTE connection to report the optimal set of directions to the
gNBs, so that it does not need to wait for an additional beam
sweep from the gNB to perform the beam reporting or the IA
procedure. Similarly, in a multi-connectivity uplink (MC-UL)
framework, the network reports to the UE the optimal direction
and the resources for random access. Notice that we do not
consider the SA-UL configuration for IA, since we believe that
uplink-based architectures will likely necessitate the support
of an LTE overlay for the management of the control plane
and the implementation of efficient measurement operations.

III. SYSTEM MODEL

A. Performance Metrics
The performance of the different architectures and beam

management procedures for IA will be assessed using three
different metrics. The detection accuracy is measured in terms
of probability of misdetection P

MD

, defined as the probability
that the UE is not detected by the base station (i.e., the SNR
is below a threshold �) in an uplink scenario, or, vice versa,

Parameter �f D NSS TSS KBF M �b

Accuracy x x x
Reactiveness x x
Overhead x

TABLE I: Relation among performance metrics and parameters.
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Fig. 1: SS block structure. For configurations (a) and (b), each blue rectangle
is an SS block (with 4 OFDM symbols) of duration 17.84 µs (i.e., �f = 240
kHz) and bandwidth BSS = 57.6 MHz. For configurations (c) and (d) (for
which �f = 120 kHz), instead, the blocks last 35.68 µs and have bandwidth
BSS = 28.8 MHz. Cases (a) and (c) implement a frequency repetition scheme
(with Nrep = 5 and 11, respectively) while, for cases (b) and (d), a data
solution (i.e., Nrep = 1) is preferred.

the base station is not detected by the UE in a downlink
scenario. The reactiveness is the average time to find and
report the best beam pair for IA, i.e., the time needed to
perform the beam management procedures for IA described
in the previous section. Finally, the overhead is the amount of
time and frequency resources allocated to the framework with
respect to the total amount of available resources.

The simulations for the detection accuracy performance
evaluation are based on realistic system design configurations.
Consequently, the channel model is based on recent real-
world measurements at 28 GHz in New York City, to provide
a realistic assessment of mmWave micro and picocellular
networks in a dense urban deployment. A complete description
of the channel parameters can be found in [24].

B. 3GPP Framework Parameters

In this section, we list the parameters that affect the per-
formance of the measurement architectures, as summarized in
Table I. Moreover, we provide insights on the impact of each
parameter on the different metrics.

As depicted in Fig. 1, we consider the frame structure of
3GPP NR, with different subcarrier spacings �

f

. It is expected
that, for frequencies above 6 GHz, the subcarrier spacing �

f

will be 15⇥ 2

n kHz or more, with 2  n  4 (i.e., �
f

= 60,
120 or 240 kHz) and 14 OFDM symbols per slot [25]. The
slot duration in µs is given by [26]

T
slot

=

1000

2

n

, (1)

while the duration of a symbol in µs is [26]

T
symb

=

71.35

2

n

. (2)

§ Δf = {120, 240} KHz: subcarrier spacing
§ D: Frequency diversity (data or repetition)
§ NSS = {8, 16, 32, 64}: max. number of SS blocks in a burst
§ TSS = {5, 10, 20, 40, 80, 160} ms: SS burst periodicity
§ M: antenna elements (and number of steering directions)
§ 𝜆": gNB density
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Fig. 17: Overhead for initial access, introduced by the transmission of the SS blocks. Notice that the number of repetitions for the different subcarrier spacings
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Finally, the total overhead ⌦ takes into account both the SS
bursts and the CSI-RSs in T

SS

:

⌦tot =
N

CSI

N
symb,CSI

T
symb

⇢B +R
SS

T
SS

B
. (17)

Subcarrier spacing and frequency diversity – Fig. 17
reports the overhead related to the maximum duration of the
SS burst (i.e., 5 ms) for different subcarrier spacings and
repetition strategies. It can be seen that if no repetitions are
used (i.e., D = 0) then the overheads for the configurations
with �f = 120 kHz and �f = 240 kHz are equivalent:
the OFDM symbols used for the SS blocks have half the
duration with the larger subcarrier spacing, but they occupy
twice the bandwidth, given that the same number of subcarriers
are used. Instead, when a repetition strategy is used (i.e.,
D = 1), the overhead is different. As mentioned in Sec. V-B,
we consider 5 repetitions for �f = 240 kHz and 11 for
�f = 120 kHz. Therefore, the actual amount of bandwidth
that is used is comparable, but since the OFDM symbols with
�f = 120 kHz last twice the time than those with the larger
subcarrier spacing, then the overhead in terms of resources
used for the SS burst is higher with �f = 120 kHz.

SS burst periodicity – Fig. 17b shows the dependency of
the overhead for initial access on T

SS

, which follows an inverse
proportionality law. In particular, for very small T

SS

(i.e., 5
ms) the impact of the SS bursts with repetitions in frequency
is massive, with up to 43% of the resources allocated to the
SS blocks. For T

SS

= 20 ms or higher, instead, the overhead
is always below 10%.

CSI-RS periodicity – The overhead due to the transmission
of CSI-RSs is shown in Fig. 18a for different T

CSI

periodicities
and time and frequency resource allocation to the CSI-RSs.
It is always below 0.001 with T

CSI

= 10 ms, and below
0.017 for T

CSI

= 1 ms. However, for practical values of the
configuration of the CSI-RSs, in which the bandwidth for the
reference signal is smaller than half of the entire bandwidth,
then also for T

CSI

= 1 ms the overhead reaches very small
values, i.e., below 0.008.

Impact of IA and tracking – The trend of ⌦tot is shown
in Fig. 18b, where it can be immediately seen that the largest
impact is given by the term R

SS

at the numerator and not
by the CSI-RS-related overhead. The parameters on the x and
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y axes have indeed a limited effect on the gradient of the
surfaces, which are almost horizontal. The main difference is
introduced by the different subcarrier spacings and repetition
strategies. Notice that, contrary to what is shown in Fig. 17a,
there is a difference between the two different subcarrier
spacings for the total overhead ⌦tot and for the CSI-RS-
related overhead ⌦

CSI

, because we consider a different Tsymb

in Eq. (16), but the same ⇢ factor, thus a different number of
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e.g., up to 64 SS blocks at subcarrier spacing of 120 kHz

Slot (with 14 OFDM symbols) 
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TSS

Accuracy (misdetection probability)

q Better accuracy for dense networks
q Better accuracy with narrow beams
q Better accuracy with frequency diversity 

and narrowband communication

Reactiveness (initial access delay)

q Impact of SS block configuration
q Digital BF enables faster IA operations
q Better reactiveness with larger beams
q Analog gNB / Analog UE leads to very 

large IA delays

Overhead (initial access resources)

q Impact of SS block configuration
q Impact of subcarrier spacing
q Frequency diversity needs more resources

q It is better to use a configuration that completes the beam sweep in a single SS burst, by appropriately selecting NSS, the 
beamforming and the antenna array architectures

q The adoption of a frequency diversity scheme increases the detection accuracy at the expense of an increased overhead
q With low network density, larger antenna arrays enable the communication with farther users, and provide a wider coverage, 

but, as the gNB density (𝜆") increases, it is possible to use a configuration with wide beams for SS bursts
q Standalone and multi-connectivity frameworks mainly differ when accounting for the impact of beam reporting:

Ø Standalone enables fast IA operations (if a single SS burst is enough for all the steering directions)
Ø Multi-connectivity may be preferable for (i) fast radio link failure recovery and (ii) robustness

[1]: 3GPP, “Study on New Radio (NR) Access Technology - Physical Layer Aspects - Release 14,” TR 38.802, 2017. 
[2]: 3GPP, “NR - Physical channels and modulation - Release 15,” TS 38.811, 2017.


