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I. INTRODUCTION 

 

Millimeter-wave (mm-wave) technology is a viable candidate to address the growing data traffic in fifth-generation (5G) 

wireless communication and beyond. However, challenges related to free space propagation loss, atmospheric absorption, 

scattering, and non-line-of-sight propagation must be addressed to benefit from the promised bandwidth available in the mm-

wave regime. In this context, phased array technology is considered as vital to provide high-speed and seamless wireless 

solutions to the industry. A phased array can be defined as a multiple-antenna system that electronically controls the radiated 

electromagnetic beam. The official origin of the antenna array concept is attributed to Guglielmo Marconi. A repeated Morse 

code signal letter “S” from Poldhu, UK to St. John’s in Canada was successfully demonstrated in December 1901, using a two-

element antenna array. In the early 1940s, Luis Walter Alvarez designed the first electronically scanning phased-array radar. 

Both scientists were awarded the Nobel Prize for their discovery. Thanks to their ability to shape or steer the radiated beam and 

the possibility to integrate such versatile solutions in the mm-wave regime, phased arrays have shown a growing interest from 

the industry [2]-[8]. While these systems have been considered for decades for large radar applications and communication 

links, their high cost limited their penetration for commercial applications. However, the development of new architectures, 

packaging and semiconductor technologies has drastically reduced the cost and complexity of phased arrays making them 

available to commercial markets for 5G wireless and satellite applications. In particular, 5G wireless communications is 

bringing this paradigm to the general public. 

 

This article presents an overview of the rise of mm-wave phased arrays in the industry including the principles and design 

considerations, with an emphasis on Over-The-Air (OTA) characterization. In Section II, the principle of operation and design 

considerations of phased array antennas are presented. A special attention is paid to phase-shifters developed in monolithic 

integrated technology required to control the phase profile of such arrays. The evolution toward wide bandwidth and wide scan 

array concepts is then proposed with connected arrays of slots and dipoles, tightly coupled dipole arrays, planar ultra-wideband 

modular arrays and continuous transverse stub arrays. In Section III, the OTA methodology to address the challenging task of 



   

 

   

 

phased arrays characterization is described [9]-[11]. Main issues encountered in mm-wave phased array measurements are 

identified. Dedicated OTA set-ups for standardized and specific antenna measurements are described including a discussion 

about measurement uncertainty. Thanks to its high potential for 5G applications and beyond, an abundant literature related to 

phased arrays is reported. In the last Section, the main mm-wave applications are briefly described and future trends discussed.  

 

II. PHASED ARRAYS PRINCIPLE AND DESIGN CONSIDERATION  

A. Introduction 

The available bandwidths in the mm-wave range are hindered by important atmospheric attenuation and path losses [12]. 

The free-space path loss (𝐹𝑆𝑃𝐿) can be expressed as [12]: 

 
𝐹𝑆𝑃𝐿 = 𝐺𝑇𝑥
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where 𝐴𝑒
𝑇𝑥,𝑅𝑥,𝑖𝑠𝑜

 are the antenna physical aperture sizes of the transmitting ( 𝑇𝑥), receiving (𝑅𝑥) and isotropic antennas and 𝑑 the 

distance between antennas in the link. Equation (1) shows that once the aperture size is fixed, the FSPL is inversely proportional 

to the square of the distance d. Typically, systems have to deal with hundreds of dB of path loss (e.g. 𝐹𝑆𝑃𝐿 = 100 dB is reached 

at d = 85, 61, 40 and 25 m at 28, 39, 60 and 94 GHz respectively). Additional losses should be accounted for possible 

polarization mismatch due to the alignment/orientation between antennas in the link. 

To overcome path losses, antennas with large gains are required to relax constraints at integrated circuits (ICs) level. 

Phased array antennas can offer low profile and high beam control (Fig. 1). A graphical view of the benefits of phased arrays 

with respect to classical isotropic radiators is shown in Fig. 1. The periodicity, lattice and radiating elements of the array are 

chosen to fulfil defined requirements in terms of band, field of view, radiation efficiency and cost [12]. The operation principle 

is based on superimposing the electromagnetic (EM) contributions of elementary sources distributed over the aperture. The 

resultant radiation pattern is a vector sum of the EM fields generated by each source. The effective isotropic radiated power 

(EIRP) of a phased array of aperture 𝑁𝑑2 composed of 𝑁 square elements of side 𝑑 = 𝑑𝑥 = 𝑑𝑦 can be expressed by equation 

(2): 

 
𝐸𝐼𝑅𝑃 = 𝜖𝐵𝐹𝑁

4𝜋𝑁𝑑2

𝜆2
𝑁𝑃 (2) 

where 𝑃 is the amplified output power from amplifiers (PAs) and 𝜖𝐵𝐹𝑁  represents the losses due to the feeding network. The 

EIRP and directivity are proportional to 𝑁2 and 𝑁, respectively. This means that for a fixed output power, the power amplifiers 

used in an array may have low gains with a benefits in terms of power efficiency, IC cost and linearity of the solution. This is 

key at mm-wave frequencies since the output power of solid state PAs typically drops at higher frequencies [13]-[14], 

motivating the increasing interest in phased arrays for 5G and beyond communication nodes. 



   

 

   

 

Another advantage of phased arrays is the possibility to finely control the amplitude and phase profile over the aperture 

and thus the resulting radiation pattern by using the 𝑁 RF accesses [15]. For 5G and beyond nodes, a directive behaviour is 

mainly foreseen. In those cases, the control of the amplitude mainly drives the side lobe level (SLL) and the half power beam 

width (HPBW) but at the expense of a lower efficiency since the PAs are not contributing at maximum to the overall output 

power. Phase control mainly drives the beam directions, but it can also be used to reduce/cancel out the radiation in certain 

directions to improve the signal to noise plus interference ratio. The multiplicity of RF accesses requires the use of a feeding 

network, which mainly contributes to losses in large arrays (𝜖𝐵𝐹𝑁). Often, an optimal number of elements can be found for a 

specific architecture considering the amount of gain added by elements and the increase of losses due to longer transmission 

lines and additional power dividers/combiners [16].  

 

Fig. 1. Illustration of the phased array concept with directivity increase, beam control and radiated output power. 

 

B. Phased arrays architecture and integration 

For a system designer, one of the very first trade-off is to choose between analog or digital beamforming architectures based 

on power consumption, power management, frequency sampling, number of users, etc. [17]-[19]. Block diagrams of these two 

phased array architectures are presented in Fig. 2. 



   

 

   

 

 

 

(a)  (b)  

  

Fig. 2. Block diagrams of (a) digital beamforming and (b) analog / hybrid phased array architectures; with BB: base band, 
transmit/receive chain (TRX), low frequency (LF), intermediate frequency (IF), local oscillator (LO).  

 

Digital beamforming architectures (Fig. 2(a)) are characterized by an RF chain dedicated to each array element. 

Consequently, it can handle multiple data streams and generate multiple beams simultaneously. Digital control of the RF chains 

enables an optimization according to the frequency over a large frequency band. This powerful architecture requires a large 

number of transceivers (one per antenna) and A/D converters, and its performance may be affected by RF impairments [20]. 

In analog beamforming architectures (e.g. single RF chain in Fig. 2(b)) on the other hand, the analog signal is generated 

by one RF chain and applied to all array elements through amplitude/phase variation devices. Analog beamforming in the RF 

path is simple and uses a minimal amount of hardware. One advantage of using analog architectures is the ability to cancel out 

spatial interferences signal (spatial filtering before mixers), unlike in digital beamforming where the interference is impinging 

on all array elements without pattern cancellation (spatial filtering after mixers) decreasing the signal to noise ratio. 

Hybrid architectures (e.g. multiple RF chains in Fig. 2(b)) are offering a modular approach consisting of scalable phased 

arrays. It has less degrees of freedom as compared to digital baseband processing and less simultaneously supported streams, 

but it results in a significant reduction of the cost and the power consumption. This architecture can also improve yield and 

robustness of the overall antenna.  

Depending on the architecture, the amount of functions to be included at the IC level may lead to a large chip area. Above 

40 GHz, the IC dimensions become similar to the array radiating element making its integration critical. This may lead to 

increase inter-element spacing or use a cluster topology (multiple elements fed with same amplitude and phase) both reducing 

the scanning capability of phased arrays. The way to separate the functions in the architecture affects the complexity and cost 



   

 

   

 

of the package [18], [21]. The packaging definition has to account for (i) radiating element design (number of layers and 

precision), (ii) size and number of I/O (Input/Output) of the IC, (iii) size of the array/tile, (iv) number of layers to route mm-

wave, intermediate frequency (IF), digital I/O or control signals, and (v) power supply and potential passive components. The 

phase shift is also affected by the architecture and can be applied to the baseband signals or at the local oscillators (LO) level 

(not represented). Alternatively, to reduce the transceiver size, complexity and power consumption, the phase shift can be 

applied to the RF/mm-wave signals. 

C. Phase shifters in integrated technologies 

With phased arrays featuring large number of radiating elements (e.g., [22]) silicon-based technologies (i.e., generally 

CMOS or BiCMOS) are considered as one of the most cost-effective solutions for the design of these devices. Phase shifters 

can be built as active or passive devices. A passive phase shifter refers to a device whose energy consumption is not used for 

amplification purposes, hence leading to far lesser power consumption than its active counterparts, which perform signal 

amplification. 

Active phase shifters are typically based on the vector-sum principle (i.e., combining two RF signals with different phases 

and magnitudes). It usually uses variable-gain amplifiers (VGAs), appearing as a very interesting option, as they combine the 

amplification and phase shifting functions in a single block. In addition, this kind of phase shifter can control the amplitude of 

the output signal. However, the phase coverage of these devices depends on the synthesizable gain difference between the 

embedded amplifiers and phase difference between input signals. Hence, when targeting large phase shift coverage, several 

VGAs are required [23]-[25], leading to large power consumption. In addition, these kind of phase shifters usually suffer from 

narrow bandwidth and linearity issues, which require designers to use additional linearization techniques [25]. Another solution 

is the use of True Delay Units (TDUs) [26]-[28] to increase the bandwidth of active phase shifting architectures ensuring a 

perfect control of the beam orientation over frequency (beam squint issues [12, 16]), at the expense of a more complex 

architecture. 

On the other hand, passive phase shifters can mainly be divided in three categories: (i) switched-type, (ii) loaded-type and 

(iii) reflection-type. Switched-type phase shifters [29]-[31] use switching elements (e.g., transistors or diodes) to choose among 

several signal paths presenting particular phase shifts. This kind of phase shifters can be designed using lumped elements (i.e., 

capacitors and inductors). Switched-type phase shifters present a discrete number of achievable phase shifts that depends on the 

number of cells they contain. Thus, the main drawback is their area overhead when aiming at fine phase shift steps. In addition, 

at mm-waves, switches introduce important losses of around 1.5 to 2 dB per switch [32], [33]. The loaded-type phase shifters 

can be built using lumped elements or transmission lines [34], [35]. The phase at the output is usually modulated in a continuous 

manner using integrated varactors. Switching elements such as MOSFETs or PIN diodes can be used to switch between a set 

of reactances resulting in a discretized output phase shift [36]. Even though these devices present a simple and compact solution 



   

 

   

 

for their integration, they usually suffer from poor return loss and limited phase shifting range. The last kind of widely used 

integrated phase shifters is the so-called reflection-type phase shifters (RTPS) [37]-[39]. These phase shifters are composed of 

two blocks: (i) a 3-dB quadrature coupler and (ii) a highly-reflective load placed at the coupled ports of the coupler. These 

phase shifters, when integrated with a highly-directive coupler have the advantage of presenting return loss close to the 

directivity of the used coupler for any load impedance. For this reason, this system can present low return loss over a wide 

frequency band of operation. In addition, they allow a continuous phase tuning. However, the design of high-performance 

integrated 3-dB couplers and varactors remains a challenge at mm-wave frequencies. 

D. Phased arrays for 5G applications: focus on V-band for the access point and back/front haul 

In Fig. 3, a non-exhaustive list of commercial phased array solutions operating over 28 to 60 GHz bands is reported [40]. 

As can be seen, both user equipment and access point applications are covered. The first mm-wave phased array solutions 

available were focusing on the unlicensed V-band for short range and high data rate wireless links. Recently, solutions have 

been proposed with larger EIRP, 60-element array or more and extended scanning range of ± 45-60°. 

 

 

Fig. 3. Commercial phased arrays solutions [40]. (1 oriented toward communication applications; 2 oriented toward radar 
applications) 

 

A lot of effort has been done to improve performance and compactness of mm-wave phased arrays [18], [41], [42]. 

Photographs of the main silicon based prototypes operating in the main 5G mm-wave frequency bands proposed these last years 

are depicted in Fig. 4. Three main strategies have been considered for the packaging of the active phased array prototypes: 

 Single chip phased array: In this configuration, large silicon chips are composed of all functions from low frequency 

to mm-wave signal and are perfectly scalable. To reach large number of RF access, multiple ICs are joint at wafer 

level. In [43], a novel technique that requires only one fabrication cycle to build any phased-array size is proposed. 



   

 

   

 

Two packaging topologies are considered. First, the antenna elements are designed on a low loss quartz substrate, 

taking the advantage of microelectronic material and processes, and excited by EM coupling from the 64 and 256 on-

chip feeds [43-44]. In the second approach, the phased array relies on the assembly of a large RFIC chip (joint 4 chips) 

on a low cost organic-based multi-layered module (16 layers) integrating 64 active antennas [45].  

 Multi-chip / single board phased array: In this solution, the substrate used to design the antenna array is also used to 

integrate multiple chips. One of the main advantage is that large antenna arrays can be designed with an easy and 

reliable process to assemble the chips and the rest of the electronic. This is particularly true when the minimum feature 

size required to route and assemble the active phased array is far from the limit of the packaging technology. This is 

why most of the prototypes below 40 GHz use such an approach with printed circuit board (PCB) or organic 

technologies [46]-[50]. In [21], the authors highlighted the issue to fit beam former ICs below the antenna elements at 

60 GHz. At 94 GHz, the same issue rises for a 64-active-element module proposed by [51], where 36 dummy elements 

had to be added. The main drawback of this solution is the lack of scalability that requires a redesign of the phased 

array to scale it up or down. 

 Multi-chip / multi-tile phased array: The main advantage of this approach is to reach any phased array dimensions 

simply by using one or multiple tiles without additional antenna design effort. The tile approach requires more 

aggressive packaging technology to route all signals (RF, control, power supply) while keeping the scalability of the 

solution. In [52], 12 metal layers have been used to co-package four ICs on a 8.1×7.5mm2 module. At higher 

frequencies, the constraints become more stringent and in [41], the physical constraints set by the RFIC and the PCB 

process lead to widen the inter-element distance to 0.63λ (2.1 mm) reducing the maximum scanning capability at 

90 GHz. Nevertheless, the solution remains scalable. Preliminary results of a phased array on PCB technology 

operating at D-band has been presented in [53] but is extremely constrained. Future high mm-wave bands phased array 

may benefit from the use of more aggressive packaging technology (often limited in term of maximum module size) 

to further reduce the array spacing, improve IC integration and ensure scalability. 



   

 

   

 

 

Fig. 4. Integrated silicon based phased array antenna solutions. 

(Qualcomm’18 [46]1, UCSD’18 [48]1, IBM/Ericsson’17 [47]1, [44], UCSD’20a [49]1, Samsung’20 [50]1, broadcom’18 [54]1, 
UCSD’16 [43]1, Intel’19 [52]1,2, UCSD’19 [21]1,2, UCSD’20b [44]1, Nokia Bell labs’19 [41]1, IBM’14 [51]2, IBM’18 [45]1,2, 
Dream project’21 [53]1). (1 designed for communication applications; 2 designed for radar applications) 

 The previously presented phased arrays prototypes show performance in accordance with their targeted applications. 

However, for upcoming 5G and beyond applications, fully integrated front-ends compatible with much wider bandwidth (>20%) 

and scanning capabilities (>±45°) will be needed with major challenges for the antenna design. The combination of non-resonant 

radiating elements and a perfect control of the mutual coupling between array elements over frequency and scanning range can 

pave the way to innovative designs to overcome typical limiting factors such as scan blindness, limited bandwidth, high 

reflections, limited field of views, etc. [12, 16]. The next section provides an overview of antenna concepts that may fill this gap 

and enable unprecedented functionalities for 5G and beyond applications. 

 

E. Wideband and wide scan arrays 

The principle of operation of wideband and wide scanning arrays consists in creating a continuous current distribution over 

the radiating aperture to avoid resonances and reduce impedance variations at the array elements over frequency and scan 

range[55]. Among the different implementations, connected arrays of slots or dipoles, tightly coupled dipole arrays (TCDA), 

Planar ultra-wideband modular array (PUMA) and continuous transverse stub (CTS) arrays are the most popular. In the 

following, these architectures are described, and main performances are summarized. 

1) Connected arrays of slots or dipoles 

Connected arrays consist of slots or dipoles fed at the Nyquist interval (half wavelength at the highest frequency of 

operation). In [56], a backing reflector plane, spaced at a quarter wavelength away from the radiating aperture was introduced 

to achieve unidirectional radiation at the expense of the operation band and scanning capabilities [57], [58]. Artificial dielectric 



   

 

   

 

layers (ADLs), realized with relatively small metal patches, were introduced to ease the impedance matching of the array and 

allow a smaller distance between the ground plane and the radiating aperture. Arrays with relative bandwidths as large as 30 to 

85% have been reported for a field of view in elevation of about ±60° in all azimuthal planes [59], [60]. The current research 

effort focuses on the fabrication of such arrays in planar technologies to further reduce their profile and still achieve wider 

bandwidths and field of views [60]. A graphical representation of the evolution over time of such arrays is illustrated in Fig. 5.  

 

 

Fig. 5. Technology evolution of connected arrays ((a) 8x8 elements, BW: 40%, Scan: ±45°, vertical PCB [61]; (b) 7x7 

elements, BW: 50%, Scan: ±45°, vertical PCB [57]; (c) 16x16 elements, BW: 40%, Scan: ±60°, vertical PCB [58]; (d) 16x16 

elements, BW: 86%, Scan: >±60°, multi-layer planar PCB [59]). 

 

2) Tightly Coupled Dipole Arrays (TCDA) 

TCDA stems from the original concept by Prof. Munk namely the current sheet array (CSA) [62]. As for connected arrays, 

the main technological challenge has been to properly match the array while preserving their bandwidth and field of view. In 

particular, the array matching has been achieved by resorting to different types of baluns with final bandwidth as large as 10:1 

[63], [64]. The reduction of the profile of the antenna has followed similar approaches of connected arrays by introducing a 

wide angle impedance matching (WAIM) layer made by frequency selective surface (FSS) located above the radiating aperture. 

Field of view larger than ±60° in the principal planes [65]-[68] have been reported during the years.  

3) Planar Ultra-wideband Modular Array (PUMA) 

The PUMA architecture is based on capacitively coupled radiating dipoles. The main features of this technology are very 

low profile and size modularity. The radiating dipoles are printed on thin dielectric layers and a WAIM layer is added above to 

improve the matching properties. Field of views as large as ±60° in elevation have been reported over bandwidth as wide as 6:1 

[22]-[71]. Such structures are suited to multi-layer PCB technology. As for the previous cases, the actual challenges are to 

further reduce the complexity of the feeding system at the array element level while preserving scanning range, bandwidth and 

cross-polarization purity.  

4) Continuous Transverse Stub arrays (CTS) 



   

 

   

 

CTS arrays are composed of long slots fed [72] generally by a quasi-optical system through a corporate feednetwork. One 

or several feeds are located in the focal plane of the quasi-optical system to achieve scanning along a plane parallel to the 

radiating slots by switching between them. As a difference with respect to the previous concepts, the main beam can be only 

steered along one principal plane. Scanning as wide as ±45° in elevation have been reported in the full Ka-band [73]. The 

mechanical rotation of the entire antenna is then required to cover other azimuthal planes. During the years, the concept has 

been implemented with various technologies [74]. Current research focuses in planar fabrication technologies  such as LTCC 

(Low-Temperature Co-fired Ceramic) and PCB [75], [76] and to further extend the capability of the antenna in terms of band 

and scanning range. 

A brief overview summarizing the capability of such array concepts in terms of bandwidth, polarization agility (Pol.), cross-

polarization (X-pol.), active VSWR (Voltage Standing Waves Ratio) and radiation efficiency 𝜂 (estimated values are derived 

as the ratio between antenna gain and directivity when the effective radiating aperture is uniformly illuminated) is reported in 

Table 1. It clearly appears that such arrays can achieve very large bandwidth with scanning larger than ±60° and polarization 

agility enabling performance unachievable by classical antenna array concepts (section II.D).  

Table 1. Wideband and wide scan array concepts performance. 

Ref. 
Bandwidth 

[GHz] 

Scan 

Range 
Pol. 

X-pol. 

[dB] 

Active 

VSWR 
Thickness η 

Connected Array 

2018 [59] 

2.5:1 
[6 - 15] 

>± 60° Double 
<−6 

(E-H-D-
planes) 

<3.2 
(E-H-

planes) 

~0.55𝜆ℎ𝑖𝑔ℎ  - 

TCDA 

2020 [67]  

46:1 

[0.13 - 6] 

± 60° Double 
<−12 

(E-H-D-
planes) 

<4 
(E-planes) 

~𝜆𝑙𝑜𝑤 13.5⁄  ~ 72%** 

TCDA 

2020 [68]  

12:1 

[0.19 - 2.3] 

± 60° Double 

<-20 
Suppr. 

From Co-
pol. 

<5.5 
(E-H-

planes) 
~𝜆𝑙𝑜𝑤 10⁄  28%* 

PUMA 

2018 [71]  

6:1 

[3.53 - 21.2] 

± 60° Double 
<−10 

(E-H-D-
planes) 

<3.8 
(E-H-D-
planes) 

~0.48𝜆ℎ𝑖𝑔ℎ  ~ 95%** 

CTS 

2018 [75]  

[57 - 66] ± 38° Single 
<−8 

(E-H-
planes) 

- ~0.9𝜆ℎ𝑖𝑔ℎ  - 

Radiation efficiency: *Estimated; **Measured. 

 

This section introduced current state-of-the-art phased array topologies, describing the main antenna and phase shifter 

architectures. New antenna array topologies enabling ultra-wide bandwidth and field of view have also been introduced. Phased 

arrays, as any other electronic device, require characterization to ensure that they operate within the expected specifications. In 

the following section, over-the-air (OTA) characterization is described together with the most relevant metrics for phased array 

systems.  



   

 

   

 

 

III. OVER-THE-AIR (OTA) CHARACTERIZATION MEASUREMENTS 

 

  The standard technique to determine radio performance in wireless systems is known as OTA characterization. In the 

first part of section II, it has been shown how phased array antennas are versatile in radiated power and radiated beam shaping. 

To properly characterize them, OTA measurements must account for these specific and dedicated needs. A focus on OTA 

measurements, specifically for wireless industry, is presented in this section. The general OTA architecture is presented with 

related set-up modification to achieve the specific application needs. The measurement uncertainty of the OTA set-up, including 

the major contributions, are given to quantify the performance of the OTA method based on 3rd Generation Partnership Program 

(3GPP) [81]. Finally, a prospective view related to major challenges with a focus on massive production and commercialization 

of the devices in the industry is described.  

 5G mm-wave tests depend mainly on massive MIMO technology in which phased array antennas replace antennas used in 

previous generations of mobile communication. OTA testing is required for two main reasons. On the first hand, conventional 

RF probing techniques (on-wafer or coaxial) are not possible due to the lack of mm-wave probe connectors or dedicated 

footprints. Indeed, in 4G, dedicated PCB footprints are available in all designs to connect an RF probe to the RF test 

instrumentation. On the second hand, as phased arrays antennas radiate at different time intervals, free-space characterization is 

required to test the overall combined performance of multiple antennas.  

 The requirements on RF characterization methods differ fundamentally with 5G mm-wave applications. Indeed, regarding 

previous generations of mobile networks, characterization of both radio and antenna parts were performed independently. Once 

they were both understood, a simplified end-of-line test was performed in production. With mm-wave, both beamformer and 

antenna can be tested individually, but the overall performance can vary once those two components are assembled. 

Consequently, 3GPP conformance test has to be done over the air. 

 The design cycle of the phased array antenna involves different types of instrumentation. Once the design is ready, different 

building blocks need to be characterized and validated. During the design process, each individual single element is measured 

and understood to the fullest using traditional antenna theory and measurement [77]. The critical testing phase is the Verification 

and Validation (V&V) of the full device where a full characterization is required. In production, a subset of the V&V is usually 

executed but with the mindset to find manufacturing errors vs understanding the performance of the device. Key measurements 

to perform on phased array antennas for the mm-wave 5G market are divided in two types of measurements: 

1. Antenna specific measurements: 

a. Continuous waveform (CW) stimulus. 



   

 

   

 

b. Effective Isotropic Radiated Power (EIRP): in general, it refers to the radiating power in a specific location of 

a spherical surface around the antenna compared to an isotropic radiator at the center of the same sphere. 

c. Total Radiated Power (TRP): the integration of all the EIRPs around the spherical surface determines the total 

radiated power emitted by the antenna. 

d. Beam characteristics: beam width, sidelobes power, first null location, etc. 

2. Standards measurements (based on 3GPP [78], [79] and the US Cellular Telecommunications and Internet Association 

(CTIA) [80]): 

a. Modulated 5G New Radio signals as stimulus. 

b. EIRP and TRP. 

c. Modulation Accuracy. 

d. Adjacent Channel Leakage Ratio (ACLR) or Adjacent Channel Power (ACP). 

e. Spectral Emissions. 

f. Effective Isotropic Sensitivity. 

 The following part is focusing on the commonality of the measurements rather than the differences. Most of them capture the 

directional feature and agility in reconfiguration of phased array. At the same time, they also provide the metrics of the wireless 

link within the a network. The 3GPP measurements are an extension of the extensively documented measurements procedures 

described in previous cellular standards and are well documented in [82]. The new concept in New Radio for phased array 

antennas is the EIRP and TRP antenna concepts described in the following. An example of measurement system using a typical 

test setup is described for better understanding in Fig. 6.  



   

 

   

 

 
 

Fig. 6. Overview of an OTA setup for phased array antennas testing. 

 

 Either the Antenna Under Test (AUT) or the Measurement Antenna moves in spherical coordinate systems with the angles θ 

(elevation) and φ (azimuth) as represented in Fig. 6. For each position, a measurement using a Measurement Antenna (also called 

Probe Antenna) is taken. This mean that each seta of measured data is function of  (θ, φ). This process is done with dual-polarized 

antennas and thus we also have a third variable which can be V or H polarization. Total Radiated Power (TRP) is defined as: 

𝑇𝑅𝑃 =  
1

4𝜋
∫ ∫ (𝐸𝐼𝑅𝑃𝑉(𝜃, 𝜑) + 𝐸𝐼𝑅𝑃𝐻(𝜃, 𝜑))𝑠𝑖𝑛𝜃𝑑𝜃𝑑𝜑

𝜋

0

2𝜋

0
                                               (5) 

 Modulated measurements in the 5G New Radio standard are also dependent on spatial variables. For example, Adjacent 

Channel Power (ACP) requires to measure the TRP of the main channel and then the TRP of each adjacent channel. Therefore, 

to fully characterize the phased array, the positioner needs to move into multiple discrete (θ, φ) and then collect all measurement 

data (spatial sampling). This can be a long process depending on the number of (θ, φ) to be assessed. Given that phased array 

antennas have high directivity, the number of grid points needs to be large enough as explained in Table II where the accuracy 

of EIRP depends on the number of grid points: 

Table II. Trade-offs between test time (based on 120 ms movement and 30 ms measurement) and accuracy. The mean error is 
based on [84] for a simulated 8x2 array widely used in 3GPP. 

No. of grid points  
(constant step size) 

Test time (s) 
EIRP 

Mean error (dB) 

6000 900 s (15 min) 0.02 

800 120 s  0.2 



   

 

   

 

200 30 s  0.74 

 

 This error will be important when making decisions on the Measurement Uncertainty (MU) needed for the test. This 

measurement error is discussed later.  

 The OTA system to characterize mm-wave phased arrays consists on a signal generator (to generate stimulus signal) capable 

of doing modulated as well as CW measurements and a Signal Analyzer capable of demodulating wideband signals. In the 

Transmit (Tx) test, the stimulus goes to the AUT. The radiated signal from the AUT is captured by a Measurement Antenna 

connected to the Signal Analyzer. In a Receiver (Rx) test, the Signal Generator radiates using the Measurement Antenna while 

the AUT receives the signal processed to the Signal Analyzer to determine the measurement performance. Both Tx and Rx can 

be configured using the same setup by adding external switching devices.  

One important concept in OTA systems is the distance between the Measurement Antenna and the AUT. This distance is critical 

as: being too close, the radiation pattern is not yet formed; and being too far, the energy in the area received by the Measurement 

Antenna is reduced according to the path loss equation (1). The distance should be guided by the aperture D of the AUT (Fig. 

6). The far-field (Fraunhofer) distance is defined as 
2𝐷2

𝜆
. At this distance, a phase difference between the edge of the aperture 

and the center is 22.5°[12]. The simplest method called direct far field (DFF) is to directly place an antenna in the far-field 

region and perform the measurements. In this measurement configuration, the largest drawback is attributed to the path loss 

that increases with distance, according to (1). Consequently, operating in the far-field region has a direct impact on the link 

budget. For example, for the user equipment (UE), an error vector magnitude (EVM) of better than -22 dB is required at the 

lowest EIRP which is set to –6 dBm for 64 QAM [79]. An example of link budget in an OTA setup is given in Fig. 7.  

 

 

Fig. 7.  Link Budget of OTA. Considering an antenna array of 5 cm aperture with –6 dBm output EIRP (1) as minimum 

requirement, a path loss of 57 dB (0.62 m of far field distance at 28 GHz) bringing the signal down to -63 dBm (2). Assume the 

Measurement Antenna has 15 dBi of gain so -48 dBm at (3). Assume some losses on the cables to the instrument. This signal 

noise can be New Radio 100 MHz or 80 dB of noise. Assuming the instrument has 10 dB of noise figure (NF), this means that 

the noise at the instrument is -174 dBm/Hz + 10 dB + 80 dB = -84 dBm. The best possible SNR of the signal is 36 dB and when 

testing phased array antennas, it requires to be 8-10 dB better than the specification of 22 dB EVM. This means, cable losses 

cannot exceed 4-6 dB in this fairly ideal scenario.  

 Antenna-in-Module (AiM) devices with just few elements and antenna apertures below 5 cm benefit from a Direct Far-Field 

(DFF) approach that preserves link budget and ensures testing with greater signal-to-noise ratios (SNR). However, testing system-



   

 

   

 

level designs with a larger number of antenna elements and antenna apertures above 5 cm requires an indirect far-field (IFF) 

approach (also called Compact Antenna Test Range - CATR) that produces a high-quality Quiet Zone (QZ) with minimal phase 

and amplitude variation (typically ± 5° and ± 1.5 dB), following the 3GPP specifications for IFF testing (Fig. 8). 

 

Fig. 8. Compact Antenna Test Range (CATR) setup. 

 

 A CATR system has the advantage to create a homogeneous QZ that is large enough to include multiple smaller phased arrays 

(e.g. UE) or one large phased array (e.g. Small Cells or Customer Premise Equipment) while keeping the path loss much smaller 

as compared to a DFF system. The path loss can be accurately estimated in the full system with a proper methodology [85]. 

 The final method approved by 3GPP is near field probing. This one consists of sampling the E-field at close proximity of the 

AUT. The difficulty here is to avoid any antenna coupling and any reflections that will modify the antenna behavior. The other 

difficulty is that the current near field to far field transformation methods should be adapted to modulated measurements.  

 The last element of OTA measurements is the accuracy or Measurement Uncertainty (MU). Each setup described previously 

has multiple contributors for MU and below we list the ones that contributes the most for a specific measurement. Fig. 9 presents 

the MU budget for the Peak EIRP power. 



   

 

   

 

 

Fig. 9.  Maximum output power MU budget. Total measurement uncertainty (a squared root of the sum of squared of the 

individual values) ~ 5 dB (coverage k = 1.96, 95% level of confidence) from [81], [86]. 

 

 The main critical areas related to OTA measurements are summarized in the following points:  

 The Quiet Zone (QZ) is the area where power and phase variations of the generated field are minimized. In these 

conditions, the far-field conditions are approximated and therefore, the AUT must be positioned inside this volume 

also shown in Fig 8 (blue circle area). 

 The measurement of the quiet zone is challenging at mm-wave, in particular with high directivity mm-wave 

antennas. The 3GPP method is listed in [81]. More holistic methods have been proposed [87], but from commercial 

point of view, the cost is still too high to be widely adopted. 

 The number of grid points was pointed out in Table II where the MU is systematically added (no square-root of the 

sum) to the budget, making it an important consideration to reduce the overall MU. 

 AUT positioning is the other important consideration as any error of position might not affect much the amplitude 

but may significantly affect the phase (1 mm at 30 GHz corresponds to 36°). 

 Finally, 5G devices may have more than one mm-wave phased array antenna. In this case, it is important to consider 

antenna placement since for of the center antennas there will be multiple geometric errors as illustrated in Fig. 10(a). 

This is especially important if the AUT is a multi-antenna device [Fig. 10(b)]. 



   

 

   

 

     

                                            (a)                                                                                                                  (b)  

Fig. 10.  (a) Geometrical errors when a single AUT is not at the exact center of rotation and (b) Case of a multi-antenna device.  

 

 To test the phone in Fig. 10(b), each antenna needs to be placed at the center of the positioning system. Therefore, a 

repositioning of the device is required for each tested antenna. To avoid such time consuming operation,  the Quiet Zone shall be 

large enough to include all antenna positions of device under test. This is called the black box approach where the location of 

antennas is not known and thus the quality of the Quiet Zone is critical to compare the performance between the different antennas 

on the device. 

 This section has shown the various variables and challenges that are presented when trying to characterize phased arrays over-

the-air. The main challenges of capital cost, MU and test times is constantly changing to make possible a full commercialization 

of these mm-wave phased array antennas for 5G. In the last section, we present briefly 5G applications and future trends foreseen 

by industry and academia. 

IV. CHALLENGES & FUTURE TRENDS FOR 5G AND BEYOND 

 

In the field of mobile 5G communications, high data rates up to 10 Gbps and low latency of less-than-1ms are required to 

address real-time new applications such as machine to machine (M2M), Internet of vehicles (IoV), device to device (D2D) [87]. 

To achieve 1000× capacity increase over 4G, three key technologies have been identified [88]: mm-wave mobile broadband 

[89], massive multiple-input multiple-output (MIMO) [90], and small cells [91]. These technologies are combined with phased 

array technology to enhance the wireless link performance. Whereas beamforming techniques in the mm-wave regime using 

integrated circuits have been exemplary demonstrated with multi-Gb/s data transmission capability, mobile devices have strong 

requirements in terms of compactness, cost and power consumption [92] (Fig. 11). In mobile devices, only a few of mm-wave 

antennas can be embedded whereas hundreds of antennas can be embedded in 5G base stations. In contrast with sub-6 GHz 

frequencies, severe free-space signal attenuation at mm-wave range have directed the efforts to develop silicon semiconductor 



   

 

   

 

circuits and integrated chips associated to large-scale mm-wave phased arrays and beam switching antennas to maximize both 

the antenna and amplifier gains and consequently enhance 5G wireless link budget [93]-[94]. 

 

Fig. 11.  MM-wave massive MIMO beamforming in 5G wireless protocols [92]. 

In the space sector, phased array technology has been identified as viable solution to meet future systems requirements 

in terms of increasing number of nodes,shared spectrum and reconfigurability. In particular, phased array antennas present 

features such as high gain, long distance coverage, agile and rapid beam-steering together with multi-beam capabilities. 

The first marine satellite SEASAT-1 based on active phased array antenna technology was successfully launched by NASA 

in June 1978 [96]. Since then, the technology has known a continuous and growing interest with satellites equipped with 

active phased arrays antennas [95]-[97] (Fig. 12). More integrated and light weight technology considering spatial 

constraints would open new perspectives for space applications . 

 

Fig. 12. Some examples of satellites equipped with active phased array antennas [97]. 



   

 

   

 

 

With the continuous growing and insatiable data request, the future of phased arrays technology will face new challenges. 

Whereas the 5G is now under deployment, the research is focused on the implementation of 6G wireless communications with 

promise of data rate reaching 1 Tb/s [100]. Among the promising solutions, Terahertz (THz) communications is an enabling 

technology offering broad bandwidths in the 0.1 – 10 THz range. However, in comparison with microwave and mm-wave 

frequency bands, propagation loss in the THz regime limits even more the communication distance due to the short wavelength 

of radiation. Fortunately, short wavelengths present the advantage to design ultra-massive antenna systems for THz 

beamforming [101]-[103]. This evolution will open new needs in terms of THz characterization techniques. In particular, there 

is an urgent need to develop advanced OTA methods for THz frequency range with bandwidths of hundreds of GHz [104].  
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