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ABSTRACT In order to cope with the needs of fifth-generation (5G) cellular networks and beyond,
phased-array antenna systems operating at millimeter-wave (mm-wave) frequencies will be required. This
makes the system design very complex. In order to create insight and agility in the design process, we propose
a framework that visualises the requirements and trade-offs of 5G-and-beyond systems. Our literature
survey uses this framework to compare state-of-the-art papers on Silicon-based beamforming integrated
circuits (BFICs) operating in the mm-wave band. Three use-cases are analyzed: Base-stations (BSs),
Gateways (GtWs) andUser Terminals (UTs). Based on the framework, we explore which implementation fits
best with each use-cases. In UT, space and power consumption are the main constraints. For BSs, the main
constraint is in output power and noise figure (NF). Finally, in GtW applications there is more flexibility
as it has a larger footprint than UT but doesn’t necessarily need to cover the same link-budget constraints
of BSs. One of the identified limitations throughout all the cases is the heat generation, which is seen as
a major bottleneck in mm-wave phased arrays. Only a few of the references show proper modelling and
simulations for heat transfer of the realized BFICs. Finally, a limitation in the BFICs is the output power.
In order to realize a mm-wave link at least 13 dBm would be required at the input of each antenna element.
Only few references meet this criterion, and only at saturation. Further, in order to achieve more than 13 dBm
in back-off operation a higher power density would be required. This would imply a further increase of heat
generation in the system.

INDEX TERMS Beamforming integrated circuits, mm-wave Frequencies, 5G communications, user termi-
nals, gateways, base stations, thermal management.

I. INTRODUCTION
Millimeter-wave (mm-wave) array antenna systems play a
crucial role in the development of fifth-generation (5G) cel-
lular networks and beyond [1]–[3]. The 5G communication
protocol will enable a factor of 100 increase in aggregated
data rate, while reducing latency dramatically. In order to
achieve these goals, 5G communication networks will have
to rely on three key assets: (1) extreme densification, (2)
increased bandwidth, (3) enhanced spectral efficiency [2].
The mm-wave technology naturally supports larger band-
widths and, thus, higher data rates. However, at mm-wave

The associate editor coordinating the review of this manuscript and
approving it for publication was Jenny Mahoney.

frequencies radio-wave signals suffer from significant path
losses [4] and tend to show a quasi-optical behavior which
creates a high susceptibility to blockages [1]. Even more,
the path-loss characteristics at mm-wave frequencies are not
uniquely defined. As a matter of fact, many efforts are being
made, through extensive measurement campaigns, to char-
acterize probability models for line-of-sight (LOS) and non-
line-of-sight (NLOS) radio links and to determine the relevant
path losses [5].

To compensate for path losses at mm-wave frequencies,
active integrated antenna arrays providing a high antenna
gain and adaptive beamforming (BF) capabilities should be
used. Further to that, the deployment of a communication
network should be optimized in such a way as to keep the
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distance between adjacent cells sufficiently small, possibly
at tens (femtocells) or hundreds of meters (picocells), and
ensure, in this way, proper radio coverage and quality of
service in the operative environment.

Phased-array antennas are already long known in the scien-
tific literature [6], [7]. Their operation is based on the super-
position principle of electromagnetic waves. In fact, the array
radiation pattern is synthesized by feeding the individual
antenna elements coherently through suitable phase-shift or
time-delay controls at each port so to steer, electronically,
the resulting beam in a given direction in space [8]–[11].
This scheme can be further extended to support multiple
beams, whereas the implementation of amplitude control at
element level can be used to reduce sidelobe level [6], [8].
Typically, active phased-array antennas used to be expen-
sive and adopted for domain-specific applications, such as
defense and aerospace. However, recent developments in
Silicon-based mm-wave technology make scalable antenna
arrays cost-effective [12]. This, with the fact that arrays at
mm-wave frequencies do not require significant area or vol-
ume [13], enables the integration of small cells for dense
network deployment.

The aforementioned scenario around highly integrated and
complex communication systems creates, however, several
challenges. Various scientific papers available in litera-
ture focus on the existing differences between transmit-
ter (TX) and receiver (RX) architectures [14], as well as
the details of BF network topologies [15], [16]. This sur-
vey study, on the other hand, is aimed at the analysis of
the requirements of integrated circuits (ICs) implemented in
(Bi)CMOS [17]. For the first time a systematic and com-
prehensive survey on beamforming ICs (BFICs) is provided.
A framework to assess the trade-offs of such circuits is
developed and presented here. The proposed paper is orga-
nized as follows. Section II details the proposed frame-
work and its implementation. In Section III, an overview
of the current state-of-the-art solutions for 5G commu-
nications at mm-wave frequencies is provided, and the
application of the considered design framework is illus-
trated in relation to relevant use cases of 5G-and-beyond
communications. Finally, concluding remarks are drawn in
Section IV.

II. PROPOSED FRAMEWORK AND KEY PERFORMANCE
INDICATORS
Due to the complexity of 5G-and-beyond communication
systems, different circuit-level characteristics need to be
properly taken into account during the design stage. In this
study, we propose a methodology and graphical represen-
tation useful to compare the trade-offs for at least three
different use cases that will be crucial for 5G-and-beyond
applications:

• User Terminal (UT): a smartphone is the example
given. In this case, size and battery life are criti-
cal. The minimum and maximum effective isotropic

radiated power (EIRP) levels for this class of devices are
22.5 dBm and 43 dBm, respectively [18].

• Gateway (GtW): this is a system category which is posi-
tioned between a base station and UT. A gateway could
serve, for example, as a repeater at the interface between
outdoor and indoor environments. The minimum and
maximum EIRP levels for this class of devices are,
respectively, 35 dBm and 55 dBm [18].

• Base Station (BS): this device is characterized by the
largest radiated power levels. In this case, the critical
aspects are related to the link budget, such as out-
put power and noise figure (NF). The typical EIRP
level for such class of devices is between 55 dBm and
65 dBm [18].

The proposed framework relies on six key performance
indicators (KPIs). The adopted KPI ranking runs from 1 to 5,
where level 5 identifies the highest priority or the best per-
formance. The selected KPIs are: footprint, power consump-
tion, heat generation, output power, noise figure (NF), and
integration. The benchmarking of the various BFIC solutions
is performed by means of a dedicated script which has been
implemented in MATLAB. The flowchart relevant to such
script is illustrated in Fig. 1. Here, the parameter NumBFICs
denotes the number of BFICs included in the database used
for the survey. In Fig. 2, we present the minimum require-
ments for each of the considered use cases. This creates a
mask to be filled up when comparing different beamformer
implementations.

1) FOOTPRINT
Here, the area of the BFIC is primarily taken into account.
This is especially important for UTs, though both GtWs and
BSs can benefit from smaller form factors as well. One should
notice, also, that the antenna size shrinks at higher frequen-
cies while the BFIC footprint size is kept almost constant
versus the working frequency; this is especially notable above
60 GHz [19].

2) POWER CONSUMPTION
The power consumption is a major concern for all the con-
sidered use cases, though this is even more critical for UTs
because of the limited battery capacity to which this class of
devices is subject. In general, since 5G-and-beyond network
deployment requires high cell densification, the achievement
of reduced power consumption levels is of paramount impor-
tance. For example, a reduction of 8 mW in the TX channel
of BSs can translate into a saving of 1.44 MWh of energy
daily in New York City only, this assuming the deployment
of 25 cells of 5× 64 antenna arrays per cell per square mile.
It is assumed that each antenna is dual-polarized, requiring
two TX-channels per antenna element.

3) HEAT GENERATION
The increase in data rate and channel capacity results, inher-
ently, in a significant increase of the power consumption level
and, hence, of thermal energy. This aspect is particularly
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FIGURE 1. Flowchart of the developed design framework. The parameter
NumBFICs represent the number of BFICs included in the database.

relevant for the considered study since the power efficiency
of electronic circuits decreases as the working frequency
increases. It is well known that power amplifiers (PAs) rep-
resent the main source of heat generation in RF circuits.
So aggregating many of such components in a small surface
can result in a major heat level. In [46], it is pointed out
that a 128-antenna-element array (8× 16) can reach temper-
atures above 300◦C. In the analysis, use is made of a LTE
PA chip with an efficiency of 9% and a thermal resistance
of 23◦C/W. A first-order approximation to model the junction
temperature is given by the following expression:

Tj = Ta + θJCPD, (1)

where Tj and Ta denote, respectively, the junction temperature
(◦C) and the ambient temperature (◦C), θJC is the thermal
resistance featured by the BFIC under consideration and

FIGURE 2. Proposed framework for 5G-and-beyond communication
systems operating at mm-wave frequencies.

PD is the power dissipated by it. Although more complex
thermal models for BFICs are available in literature [47],
[48], the single resistor model is used here in order to make a
first-order comparison of the state-of-the-art BFICs. In order
to keep junction temperatures as low as possible, both ther-
mal resistances and dissipated power need to be reduced,
as one can infer from (1). The achievement of low thermal
resistances originates from the progress in circuit design and
packaging solutions. On the other hand, the dissipated power
level is highly dependent on the specific circuit topology and
semiconductor technology.

4) OUTPUT POWER AND NOISE FIGURE
Though both the output power and noise figure affect the link
budget, they cannot be aggregated into a single KPI. This is
especially relevant for the BS and GtW use cases. Because of
the size, BSs and GtWs can be used to compensate the losses
of the mm-wave link-budget by using high antenna gain [18].

We assess output power and NF per channel. In our sur-
vey, we neglect the array polarization scheme as this is
dependent on the specific antenna design. Note that some
BFICs lend themselves more effectively to the support of dual
polarization, which implies that two channels are required
per antenna element. In Table 1, we report the number of
polarizations (Npol) supported by the considered BFICs. The
reader should pay attention to this detail. This refers to the
antenna used in combination with the specific BFIC solution.
For instance, the BFIC presented in [25] has only 4 chan-
nels, whereas the one in [30] has 8 channels; in both cases,
each BFIC controls four antenna elements which, however,
are characterized by single and dual concurrent polarization,
respectively. Larger arrays could be used to compensate for
lower output power from the ICs but this is limited by the
available area and, as shown in [18], initial deployments for
BSs and GtWs will rely on array modules with up to 128 ele-
ments. For UE, arrays with up to 8 elements will be typically
used [18].
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TABLE 1. Overview of current state-of-the-art BFICs for mm-wave applications.

5) INTEGRATION
Though integration is affected by the footprint, it is presented
as a separate KPI so to illustrate trade-offs in cost and circuit
partitioning more precisely. One can notice that the UTs
typically require and rely on highly integrated solutions. Con-
versely, a BS can use a less integrated solution when a larger
output power is required at antenna element level. We dis-
tinguish between TX-only, RX-only and transceiver (TRX)
functionality of the BFICs. The rating for integration is given
according to the following criteria:
• level 1: separate TX and RX BFICs, one single BFIC
per functionality (TX or RX) with or without integrated
up/down conversion;

• level 2: TX and RX integrated in a single BFIC without
integrated up/down-conversion;

• level 3: TX and RX integrated in a single BFIC with
integrated up/down-conversion;

• level 4: TRX without integrated up/down-conversion;
• level 5: TRX with integrated up/down-conversion.

III. CURRENT STATE OF THE ART
In this section, we present and compare the current state-
of-the-art BFICS relying on silicon-based technologies.

We focus on specific 5G-and-beyond frequency bands around
28 GHz, 39 GHz, 60 GHz, and 94 GHz.We assess the various
BFICs using the framework presented in the previous section.
Table 1 provides an overview of all the studies reviewed
in this research. For sake of fairness in our comparative
analysis, it is important to note that not all the characteristics
of the considered BFIC solutions are actually reported in the
relevant papers. To this end, a minimum and maximum score
for each KPI has to be established.

For our best-in-class circuit analysis, the footprint is
expressed in area per channel so to keep fairness throughout
the works referenced. With the same purpose, the DC power
consumption is, also, expressed per channel. For the thermal
analysis we adopt the simple resistor model described in (1).
Though, in general, different technologies will be character-
ized by different thermal resistances, we assume, throughout
our entire comparative analysis, that the value of the thermal
resistance in (1) is actually fixed. In particular, we assume
θJC to be equal to 23◦C/W according to the PA datasheet
in [49], which is the same used in [46]. Although this is an
approximation, it will provide a fair first-order comparison
between the data found in the references. Note that the consid-
ered references do not provide more detailed information on
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TABLE 2. Minimum and maximum KPI scores based on best-in-class
performance.

FIGURE 3. (a) power density (left) and estimated temperature
increase (right) as evaluated with the proposed thermal model. (b) Area
per channel (left) and output power (right), both evaluated for the
reviewed BFIC solutions operating at 28 GHz.

the thermal characteristics of the applied technologies. Also,
in our computations for UTs, a circuit is directly discarded if
it has more than 8 channels per BFIC. Table 2 summarizes
the given ranking level, ranging from 1 to 5.

As for footprint, PDC , NF, the lower the relevant value,
the higher the assigned KPI score is. Conversely, for the
output power, a larger value results in a higher KPI score.
Furthermore, in order to enable a proper and uniform ranking
of the various circuit concepts and technologies, we use linear
values for the NF and the output power. Afterwards, a suitable
linear normalization is applied to all the values.

As far as the heat generation is concerned, we assume
that the dissipated power can be evaluated as the difference
between PDC and the output power in TX mode which rep-
resents the worst-case scenario. We will assess the efficiency
at the output 1-dB compression point (OP1dB).

In Fig. 3(a), we show the power density and the tem-
perature rise per channel relevant to the BFICs reviewed in
our comparative analysis. For simplicity only the designs
optimized for operation in the 28 GHz band are considered
here. As it can be noticed in the aforementioned figure,
the solutions in [21], [28] display themselves as outliers.
This is due to their overall higher efficiency in combina-
tion with a compact chip size and, hence, the high power
density and low-temperature increase profile. This is illus-
trated by Fig. 3(b). The design presented in [28] transmits
15.8 mW while consuming 90 mW, whereas the one detailed
in [21] transmits 11.2 mW while consuming 85 mW. In [21],

FIGURE 4. Mapping of the reviewed BFIC solutions for UTs operating at
28 GHz based on the proposed design framework.

the OP1dB is not provided. Therefore, we use, as an approx-
imation, the output power at the saturation point (PSAT ).
Furthermore, based on Fig. 3(b), the solutions in [26], [27]
feature a large output power in combination with a reduced
area but suffer from the highest increase in temperature. This
is due to the fact that the considered BFICs make use of
LO phase-shifting that is inherently more power consuming
than the RF phase-shifting scheme adopted by all the other
solutions analyzed in this survey [50]. We assume that the
maximum acceptable temperature rise is 0.5 degrees Celsius
per channel (◦C/ch), this corresponds to the score of 5. The
worst-case-scenario, 7 ◦C/ch, is rated as 1.

In Fig. 4, we visualize the results obtained through the
proposed design framework when applied to the UT scenario.
In the particular case of UTs, it is noted that current state-of-
the-art phased-array antennas typically integrate either 4 or
8 radiating elements. For this, a first excluding criterion is
whether the BFIC has more than 4 channels per antenna
polarization. The work in [31] fits best the considered criteria.
Here, a common-leg T/R module using 45-nm CMOS SOI is
detailed in a single channel design. This solution presents a
balance between the various KPIs, though the main issue is
the achievement of the lowest possible footprint size. CMOS
SOI technology is known to be a cost-saving solution for
5G applications [51] as it can deliver a high output power
while preserving high efficiency levels. In [51], the authors
put CMOS SOI in a ‘‘sweet spot’’ for thermal performance.
The same can be seen in our analysis.

In Fig. 5, the GtW use case is analyzed. This is a more
balanced system architecture. Based on our computations,
the solution in [22], [23] represents a sounding trade-off.
This BFIC uses SiGe BiCMOS technology. It presents high
RF performance while maintaining a reduced power con-
sumption and footprint. The BFIC layout allows for the con-
trol of a 2-by-2 antenna sub-array which, in turn, can be
used as building block for larger phased arrays. Specifically,
by using the BFIC in [22], [23], the output power needs to
be compensated, and this can be achieved by increasing the
number of antenna elements in the relevant array architecture.
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FIGURE 5. Mapping of the reviewed BFIC solutions for GtWs operating at
28 GHz based on the proposed design framework.

FIGURE 6. Mapping of the reviewed BFIC solutions for BSs operating at
28 GHz based on the proposed design framework.

The typical GtW offers a certain level of flexibility thanks
to the availability of larger footprint area and reduced need
for high link-budget performance. This use case can be a
solution for initial deployment of 5G-and-beyond systems.
However, its use would result in a higher cost as the cell
coverage of a GtW is reduced as compared to a normal BS.
By installing a large number of GtWs, the deployment cost
would immediately increase. While issues related to thermal
management could be reduced in this way, power consump-
tion would still be an issue. In order to reduce the number
of system installations, a higher EIRP would be required in
order for each link to enable a more effective coverage. This,
however, would come at the cost of a larger heat generation.

In Fig. 6, the use of our framework for the BS use case
is illustrated. From this figure, one can notice that none of
the considered BFICs fits precisely into the targeted require-
ments. This is due to the fact that such requirements are
somehow conflicting. Even though output power levels above
15 dBm at OP1dB are reported in [27], in practical applica-
tions, the system would have to operate in a 3-dB or higher
back-off mode. In [52], it is shown that, for a 64-antenna-
element array, an output power of 13 dBm is required. One
can easily infer the trade-offs associated with such system.

FIGURE 7. Block diagram of the BFIC from [31], considered the optimal
solution for the UT use-case. 
2019 IEEE

FIGURE 8. Block diagram of the BFIC from [22], [23], considered the
optimal solution for the GtW use-case. 
2017 IEEE

Firstly, let us assume that we want to target a high EIRP.
In this case, a suitable strategy useful to handle the generated
heat has to be properly implemented. Increasing the number
of antenna elements could be a viable approach, as the EIRP
increases with a factor of N2, N being the number of array
elements. However, most of the literature shows that the
intended applications are going to rely on array modules
with 64 to 128 antenna elements. Taking this into account,
high-power PA designs, such as the one presented in [52],
tend to be ideal. Consequently, under such circumstances,
suitable heat-management solutions for BFICs have to be
developed and implemented.

The scientific community has not devoted extensive atten-
tion to the thermal management of BFICs up to now. Among
the works analyzed in this survey, only [24], [37], [44] report
measurements of the proposed BFICs versus temperature.
In [43], thermal simulations and measurements of the com-
plete system (including multiple ICs and antenna elements)
are presented.Most of the studies where thermal management
aspects are somehow addressed tend to present only results of
the RF measurements integrated with suitable commercially
available heat spreaders. An interesting investigation on ther-
malmanagement aspects of phased-array antennas is reported
in [53]–[56], even though the focus of these studies is not on
BFIC design. In [54], [55], the benefits associated with sparse
antenna array architectures are evaluated, and it is shown
that thick ground planes can passively cool phased-array
antenna systems in a rather effective way. In [56], the authors
present a metal stamped antenna-in-package (AiP) design
that serves as a passive cooler. The proposed design approach,
however, is limited to uniform linear array architectures
only.
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FIGURE 9. Schematic of the BFIC from [26], [27], considered the optimal
solution for the BS use-case.
2019 IEEE

From the references, none of the considered circuit solu-
tions fit our initial proposal of Fig. 2 precisely. Interestingly,
we can, however, appreciate the trade-offs between the vari-
ous circuits. Using Fig. 6 and supposing that we cannot relax
the output power and NF constraints, one can see that [26],
[27] are, clearly, strong candidates for the BS use case, though
at the cost of larger heat generation and power consumption.
For the GtW case, [22] is the best candidate. In this case,
the proposed circuit features an output power lower than
required but, as size is not a constraint, one can compensate
by increasing the array size. Finally, for the UT case, [31]
meets requirements in terms of NF, output power and PDC ,
but integration and footprint with such solution would be
somehow challenged.

IV. CONCLUSION
In this paper, we have presented a framework to assess dif-
ferent mm-wave BFICs solutions. This comes closer to a
system survey rather than to a circuit analysis in the light
of the number of functionalities required. By using the pro-
posed framework, an initial design cycle can be laid out and
a fair comparison between different BFICs can be made,
through a very quick computation. Though the requirements
presented here are assumptions based on existing knowledge,
the framework can easily be re-arranged in order to fulfill
the need of future developments. A clear contradiction is
that, in order to supply a sufficiently large output power
to enable the expected data rates, both power consumption
and heat generation have to increase. This can be inferred
by means of the proposed framework, which can be used
to establish a requirement plan for a given communication
system operating at mm-wave frequencies. Then, graphically,
it is possible to visualize the trade-offs and reformulate the
implementation plan.

Using the proposed framework, a comparison between
state-of-the-art BFICs has been presented. It is shown that

[26], [27] is the best solution for BSs, though with drawbacks
in terms of power consumption and heat generation. The
solution in [22] is ideal for GtWs, in combination with larger
array sizes. The GtW use case gives more flexibility in terms
of deployment at acceptable costs. Finally, for the UT use
case, [57] presents a solution based on CMOS SOI, which
can deliver good RF performance while maintaining high
efficiency.

From a research perspective, a clear point of attention is
represented by the heat generation in BFICs, especially in
very dense phased-array antennas systems. Here, the heat
generated simultaneously by the various BFICs can become a
severe bottleneck. In all the studies reviewed in this research,
only marginal information is provided in relation to heat
management aspects at system level. Limited explanations
are given in relation to how heat is handled, for instance
by means of passive or active cooling systems. The lack of
effective design strategies in this respect is a concern from a
system-level standpoint. Without clear information about the
thermal model of a BFIC, a system designer is exposed to the
risk of using commercially available solutions that might be
neither optimized nor cost-effective.
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