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1 Introduction
Millimeter-wave (mm-wave) 5G networks have great potential and are needed to 
increase data transfer beyond the existing LTE and sub-6 GHz networks. Technology is 
developed for both indoor (e.g., multimedia streaming, virtual reality, gaming, wireless 
docking, etc.) and outdoor applications (e.g., backhaul and fixed wireless access (FWA), 
etc.). FWA can be used for gigabit-to-the-home (GTTH) without the need for optical 
fiber for the last kilometer links. In addition, mm-wave FWA can be employed together 
with mm-wave backhaul for a complete over-the-air solution, implemented even deeper 
into the core network. The beam-steering capability of the transceivers is key element 
in allowing for multipoint-to-multipoint connectivity, thus lowering the operational and 
infrastructure cost. However, the unlicensed mm-wave band 57–66 GHz comes with the 
challenge of high oxygen absorption on top of higher atmospheric losses compared to 
sub-6 GHz, but this can also be seen as advantage when it comes to spatial frequency 
reuse.
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In the state of the art, a transceiver with a single-antenna structure is presented in 
[1], while [2–5] show transceivers with beam-steering capability. These designs, how-
ever, focus mainly on short range, and high data rate indoor applications. The solution 
presented in [6] targets outdoor applications but utilizes a complex 1:12 master/slave 
infrastructure with 144 antenna elements to attain an effective isotropic radiated power 
(EIRP) of 51 dBm. Furthermore, [7] presents only a transmitter feeding 256 antenna ele-
ments to get 45 dBm EIRP.

This paper presents an antenna module based on a 57–71  GHz transceiver chip [8] 
packaged using enhanced wafer-level ball grid array (eWLB). The package technology 
provides more pin count compared to wafer-level chip-scale package (WLCSP) with 
improved electrical performance because of less parasitic electrical interference [9]. The 
chip deploys 16 RX and 16 TX paths, which are connected to 2 × 16 PCB antenna arrays 
[10]. The antenna array is designed using a multilayered PCB structure, where top and 
bottom patches are electromagnetically coupled to achieve a broadband response. The 
high gain of the planar antenna array allows to obtain an EIRP of more than 40  dBm 
in the 57–66  GHz frequency band along with beam-steering capabilities in the range 
± 50◦ . Furthermore, optimization of the power distribution on the antenna array is pre-
sented in detail, which results in a flattening of the EIRP over the whole beam-steering 
range and frequency bandwidth.

The paper is further organized as follows: sect. 2 of the paper presents the beamform-
ing front-end of the transceiver, with emphasis on the phase shifters, while sect. 3 dis-
cusses the technique used to generate the beam-steering lookup table where each entry 
decides a specific beam angle. An overview of the performance of the eWLB package is 
provided in sect. 4, while sect. 5 briefly presents the PCB antenna array and transceiver 
integration. Section  6 presents the optimized beam-book characteristics and antenna 
array radiation pattern along with over-the-air measurements using different channel 
bandwidths and modulation schemes. A table comparing the state-of-the-art work is 
presented in the concluding sect. 7.

2  Transceiver beamforming
The transceiver chip TRX BF/01, operating at 57–71 GHz, consists of 16 RX/16 TX paths 
as shown in Fig. 1. Independent antenna paths for RX and TX are employed mainly to 
get around switching losses. Each antenna path can shift the phase and scale the ampli-
tude, by a vector phase shifter. In addition, the transmitter has 26 dBm aggregated satu-
rated power, a typical receiver noise figure of 7 dB, while both RX and TX have 32 dB 
of dynamic gain range. A zero-intermediate frequency  (IF) architecture is used in the 
transceiver design together with an integrated LO generated at 1/3rd the final frequency.

2.1  Phase shifters

For beamforming purposes, each antenna path has a 6-bit vector phase shifter associ-
ated with it. To gain an intuitive understanding of its operation, consider the block-level 
illustration of a single-receiver path given in Fig. 2. For the simplest case, assume that a 
single sinusoid is applied to the input of the phase shifter. Following the input, the signal 
is split in two paths, where one path is phase delayed by 90◦ . Each path is then injected 
into gilbert-cell-type mixers which act as ideal amplifiers, capable of both positive and 
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negative gain. The two mixer’s differential outputs are tied together to form two sum-
mation nodes with opposite polarity. These two nodes are applied to the input to a balun 
to convert the differential signal to single-ended. Following the annotation in Fig. 2, the 
phase shifter implements the function given in Eq. 1,

By data fitting experimental data obtained from network analyzer measurements, the 
ideal relationship can be shown to be approximately valid in the actual implementation 
as well,

(1)
f (t,A,B) = A cos (ωt)+ B sin (ωt)

= A2
+ B2 cos ωt + a tan 2(−B, A)

Fig. 1 Block diagram of the 16 TX/16 RX transceiver chip showing the beamforming blocks, 
up-/down-converter, LO generation, TX/RX baseband, and digital control block

Fig. 2 Block-level representation of a single-receiver beamformer path, highlighting the signal behavior at 
each cross section of the I-Q phase shifter
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where I ,Q ∈ {0, 1, .., 62, 63} are the digital control words written to the phase shifter. The 
phase is normalized such that (I, Q) = (63, 31) is equal to 0 ◦ in order to conform with 
the convention that I is on the real axis in the complex plane, and Q is on the imaginary 
axis. Furthermore, the unit is voltage, or current, as this is the unit typically used when 
referring to amplitude tapers.

As can be seen in Fig. 3a and b, the data fit is accurate enough to capture the overall 
behavior and provide an understanding of the phase shifter, but has insufficient accu-
racy to use for beamforming purposes. For beamforming purposes, it is necessary to 
find a set of I, Q values that give constant amplitude, but also represent an unbro-
ken chain of phase values with sufficiently small steps between them. It is clear from 

(2)f (t, I ,Q) =

√

(I − 31.5)4 + (Q − 31.5)4

231.54

cos(ωt + atan2(Q − 31.5, I − 31.5))

Fig. 3 Amplitude (a) and phase (b) as a function of all control word values. The colored surface is fitted data, 
and black is the measured data
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Fig.  3a that the corner settings, (I ,Q) ∈ {(0, 0), (63, 0), (0, 63), (63, 63)} , have approxi-
mately constant amplitude. Figure 3b, however, shows that the corners are 90◦ apart 
in phase, leading to a phase error of up to 45◦ . It is obvious then, that in order to 
increase the phase resolution, the amplitude must be decreased from maximum. This 
is illustrated in Fig. 4 for a few fixed amplitudes.

Figure 4 shows the difference in phase between adjacent phase settings, given that 
the amplitude is kept close to constant. How much the amplitude can be allowed to 
vary has to be weighed against the desired phase error, as these are conflicting crite-
rions. Also, note the asymmetry between the corner settings at ± 135◦ and 0 ◦ . This is 
due to the gain being slightly different between the I and Q amplifier. This undesired 
deviation from design forces the amplitude to be backed off an additional   1 dB in 
order to keep the phase error low. Looking at Fig. 4, it can be seen that if the ampli-
tude is backed off at least 5 dB from maximum, the difference in phase between adja-
cent settings can be kept lower than 13◦ , given that the amplitude is allowed to vary 
± 0.7 dB. This corresponds to a maximum phase error of 6.5◦ . For higher amplitudes, 
the phase error naturally increases. It can then be concluded that in order to produce 
high-quality array antenna weights, each phase shifter will have at least a 5 dB loss of 
gain associated with it. However, if low side lobe levels (SLLs) are not a main concern, 
higher amplitudes can be used.

2.2  Digital control block

The lookup table containing antenna weights/phase shifter control words for each 
beam is stored in the on-chip 3 2× 1 kbits static RAM (SRAM). Apart from the 2 ×
16×64-entry lookup tables, the digital block also contains autonomous automatic gain 
control (AGC) utilizing RX baseband detectors, a transmitter autonomous level con-
trol (ALC) as well as state machines for VCO calibration.
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3  Method to generate a beamforming lookup table
To steer the radiated power in different directions, antenna element weights are typi-
cally obtained with the help of measurements with a network analyzer. The relationship 
between amplitude/phase and phase shifter control word is then measured by a network 
analyzer for each antenna path. As each antenna path is thus fully characterized, the ele-
ment weights can be derived from well-established theory. A drawback to this method is 
the cost of the network analyzer. For this reason, the method described here instead uses 
a considerably cheaper power meter together with a brute-force method of finding the 
phase shifter control words which yields the highest radiated power.

Figure  5 shows the measurement setup used to generate the beamforming lookup 
table, subsequently referred to as the beam-book, for the transmitter. The antenna mod-
ule is fixed to a turntable, and a quadrature signal is applied to the baseband inputs. The 
baseband signal is a sinusoid with fixed amplitude and frequency, which at the antenna 
ports becomes offset by the LO frequency and scaled in amplitude. To receive the signal 
from the antenna module, a horn antenna with 20 dB gain is placed at distance of 2 m, 
angled toward the antenna module. The horn antenna is connected to a power meter, 
and both the antenna module and the receiving horn antenna are enclosed within an 
anechoic chamber.

When generating the beam-book for the receiver, the procedure is similar. The main 
difference being that the horn antenna is instead fed by a signal generator and the power 
meter is attached to the baseband output. The algorithm used to form the beam-book 
can in its simplest form be broken down into the following steps: 

1 Align the turntable to X degrees, X = {−50, .., 50}.
2 Set the phase shifters to 0 ×1F1F in all antenna paths. No antenna element is then 

radiating power, but each antenna element remains correctly impedance matched.
3 Set the phase shifter in the 8th antenna path (RF 8) to a fixed value. Here, 0 ×0000 

has been used. The value must be fixed over all beams as the automatic level control 
(ALC) measures the power at the last stage in the signal chain. A varying value over 
beams would cause the controlled power to be inconsistent over beams.

4 For the 7th antenna path (RF 7), sweep a set of constant amplitude phase shifter val-
ues. For each value, measure the power received by the horn antenna.

5 Set the phase shifter in the 7th antenna path to the setting with the highest transmit-
ted power and save this value.

Fig. 5 Illustration of the measurement setup used to generate the Tx side beamforming lookup table
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6 Repeat steps 4–5 for RF 9, then RF 6, then RF 10, and continue in this fashion to 
work outward from the center elements to the edge elements.

7 When all elements have been optimized, and the array is fully aligned in power, 
repeat 4–6 to see if some elements can be better optimized now that the entire array 
is activated.

8 Repeat steps 1 through 7 for a new turntable angle until all angles have been meas-
ured.

In a low cost application, it is desirable to avoid factory calibration of each antenna 
module. As such, it is desirable to generate a single beam-book which can be used for 
all modules. Because of manufacturing spread between units, a given beam-book will 
have slightly different behavior on each unit. A way to combat this problem is to gen-
erate a beam-book on at least two units and then measure the radiation patterns of all 
beam-books, on a set of units. The beams that satisfy a given criteria for all units can 
then be selected and saved to a new beam-book. A suitable criterion is a given side 
lobe level (SLL). We thus add the following steps: 

a) Repeat steps 1 through 8 for N units, N ≥ 1.
b) Measure the radiation pattern of each N beam-books on M units. Preferably set 

M ≥ 5.
c) Compare the SLL of each beam, for each beam-book and unit. Let each beam, in 

each beam-book, be represented by the unit which showed the worst SLL. Then, for 
each beam, choose the beam-book with the best SLL that is above a given criteria. If 
no beam-book suits the criteria, increase N and repeat (a) through (c).

There is an additional improvement to the algorithm that must be made that is related 
to the TRX BF/01 itself. The transmitter suffer from insufficient gain to fully saturate 
the signal chain at high junction temperatures and at the end of the frequency band. 
A consequence of this is that low-level modulation schemes, such as QPSK, which 
can operate close to saturation, cannot be utilized fully if the phase shifters lowers the 
gain in the signal chain. Ideally, then, the corner settings of the phase shifter should 
be used. As these settings suffer from poor phase resolution, a trade-off between SLL 
and EIRP has to be made. The adopted strategy is to increase the phase resolution of 
the edge elements and, as a consequence, decrease their amplitude, but let as many 
center elements as possible have high amplitude, but low phase resolution. To opti-
mize that ratio between amplitude and phase resolution, one way is to generate addi-
tional beam-books, each with increasing levels of amplitude tapering. Step 5 is thus 
modified to allow for different elements having different amplitudes. It should also be 
noted that the array elements are not normalized in amplitude for the same reason, to 
not lower the available gain. For modest side lobe criteria, this is un-problematic.

By measuring additional beam-books with different amplitude tapers, which infers 
varying radiated power, it is also possible to flatten the amplitude envelope over 
steering angles. This is desirable if it can be done with little loss in maximum out-
put power, as it ensures that the same power is transmitted in all directions. It thus 
simplifies, and improves, output-level control as the on-chip ALC cannot regulate 
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power variation over beams because it only senses the power in one antenna path. 
To accommodate multiple amplitude tapers, steps 1–8 should be redone for each 
taper, and step c should be replaced by 

iii) Compare the SLL of each beam, for each beam-book and unit. Let each beam, in each 
beam-book, be represented by the unit which showed the worst SLL. The result 
is an N × K matrix, N being the number of units the beam-books has been gener-
ated on, and K the number of different amplitude tapers that was used. Remove the 
indices with SLL less than a given criteria and sort the list with the worst SLL first. 
The sorting order follows from the fact that the worst SLL will correspond to the 
highest main lobe power.

iv) Pick the first index where the main lobe power is below a given criterion, e.g., −1 dB 
from peak power. Write the phase shifter setting corresponding to this value to the 
new beam-book.

So far, it has not been touched upon how the phase–amplitude relation of the phase 
shifters should be obtained. If data from network measurements are unavailable, the 
output power resulting from each phase shifter setting can instead be measured with 
the same setup as in Fig. 5, with the module aligned directly facing the horn antenna. 
The procedure is then to measure the radiated power for each control word combi-
nation, for each antenna path, and with the bias currents in all other antenna paths 
turned off in order to avoid interference from other elements. To approximate the 
phase, Eq. 2 can be used. This method has been used in all measurements.

An example of how the algorithm performs is illustrated in Figs. 6 and 7 for a dif-
ferent type but similar antenna module [11]. Here, N = 2, M = 5, and K = 10. The 
algorithm can pick from the K amplitude tapers shown in Fig. 7. The SLL criteria are 
set to ≤ −10 dB , and Fig. 6a shows that this criterion has been mostly fulfilled for 
the M = 5 units it was measured on. A certain flattening of the amplitude envelope 
was also chosen. Without it, there would be sharp power drops at certain beams 
where the SLL was high enough that strong tapering was necessary. Figure 6b shows 
a comparison of the envelope between no tapering (highest possible power, high 
SLL) and tapering only to reduce SLL (sharp power drops at certain beams, but the 
high overall envelope), and reduced SLL together with flattened power (better ALC 
control, medium power and low SLL).

4  Technology and packaging
The transceiver chip used in this work has been packaged using the eWLB packaging 
solution. This solution outperforms the traditional flip-chip or wire-bonding alter-
natives in a number of ways, for instance, integration with reduced interconnection 
length, less conductance, and dielectric losses as well as improved design flexibility 
[12]. Besides, a key factor for this selection over other complex and comparatively 
expensive solutions is that eWLB is surface mount device (SMD) packaging technol-
ogy, which simplifies the upstream assembly process.
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4.1  WiGig eWLB assembly

As shown in Fig.  8a, a two redistribution-layer (RDL) process is used in the package 
for routing of RF,  IF,  power,  digital control, and baseband signals resulting in a 12.6×
12.6  mm 2 large package with 314 solder balls on a 0.5-mm pitch grid. Advanced 
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dielectric materials (ADMs) with low-temperature curability are used for vigorous reli-
ability of the package  [13]. ADMs are a good choice to lessen stress on low thermal 
budget devices, like thermo-sensitive embedded memory. The requirement of multilayer 
RDL for design flexibility is higher for system integration, as the device performance is 
increased with high frequency. Figure 8b shows the fabricated packaged chip where on 
the left is the top view with black shining chip in the center surrounded by the mold. The 
right image shows the bottom side of the package where 16 x GSG lines on each upper 
and lower half will be connected with the PCB antenna arrays through shown solder 
balls.

4.2  Electrical performance and characterization

The RF signal is directed from the chip pads to CPW lines on RDL, which is connected 
to microstrip line on the PCB through solder bumps. Figure 9 shows this transition from 
RDL to PCB, designed using HFSS software. A final confirmatory simulation is per-
formed by importing full package RF layout, containing all paths and interconnects, and 
the results show a package loss of ≈ 2dB in the frequency band 57 GHz-71 GHz.

The eWLB package performance is validated by comparing the measurements for bare 
die and packaged die. For a single-antenna path, Fig.  10a, b shows the comparison of 
compressed output power and noise figure (NF), respectively. The values vary due to dif-
ferent source and load impedances when bare die is probed compared to packaged die. 
The gap between the two curves in Fig. 10a presents the losses of the package including 
transition to the PCB.

Fig. 8 The eWLB package 12.6×12.6×0.8  mm3 a expanded layout containing 2 ×RDL, 3 ×PSV and a single layer 
of mold compound, b Top and bottom of the fabricated packaged chip
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5  PCB antenna arrays and transceiver integration
As planar antennas have the ease of integration with the RFIC, a multilayer stacked 
patch antenna is designed to achieve broadband performance [14–17]. The antenna 
array used in this work is a 2 × 16 array, where each sub-array is a 2-element series fed 

Fig. 9 Subset of the 3D package model including coplanar waveguide (CPW) port, transition from package 
to PCB, and microstrip on the PCB
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patch array. The circular patches on top metallic layer of the sub-array are electromag-
netically coupled with the rectangular patches which are series fed through a microstrip 
line. The detailed design is presented in Fig. 1d of reference [10]. The maximum realized 
gain of the antenna array is presented in Fig. 11 for the center frequencies of 802.11ad 
channels 1–4. The results show more than 20 dBi realized gain for the whole band.

The eWLB packaged transceiver feeds the 2 × 16 TX and RX arrays separately as shown 
in Fig. 12. The sub-arrays in the center have shorter microstrip lines than the ones on the 
edges, for which the phase can be compensated in the transceiver beam-book. Each trans-
ceiver path provides a single column of the antenna array with specific amplitude and 
phase, and the main beam of the antenna array can be steered in the H-plane by provid-
ing progressively increasing or decreasing phases. When main beam of the array is steered 
toward maximum angle θ , the grating lobes can start appearing in the radiation pattern. 
Equation 2 presents the criteria needed to avoid these grating lobes in terms of spacing d 
between adjacent sub-arrays [18].
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which means that for higher beam-steering angles, the element spacing should be 
reduced. To elaborate, for broadside radiation, i.e., θ = 0◦ , the equation reduces to 
d < �o and for θ = 90◦ , d < �o/2 . As we aim to steer the beam at maximum ± 50◦  , 
this spacing should be less than 2.8 mm in order to avoid the grating lobes. However, 
d = 2.2 mm is used in the design to make the solution more compact.

6  Results and discussion: beam‑book characteristics and measured array 
radiation pattern

A comparison between a beam-book using solely the phase shifter’s corner settings 
(maximum power) and a beam-book generated with the proposed algorithm (K = 10, N 
= 1, M = 1, SLL < −9 dBc, flattened amplitude) is shown in Fig. 13. The measurement 
is performed at 85 ◦ C junction temperature, the maximum temperature the transceiver 
is specified for. It is clear that corner settings work fairly well despite their ± 45◦ phase 
error. Looking at Fig. 13a, b, the corner settings beam-book can deliver 44–43 dBm EIRP 
at CH 1–3 with a 3 dB bandwidth covering all angles. An outlier is CH 4, showing only 
41 dBm maximum output power, but its amplitude envelope is essentially flat. Because 
it is desired that the envelope is flat, and this would normally be achieved by tapering, 
the effective power is similar between channels. The proposed algorithm results in 1 dB 
lesser EIRP with the same bandwidth, but flatter amplitude envelope. It shows that only 
minimal tapering is required to sufficiently flatten the envelope and bring the SLL down 
to the desired level. It should, however, be emphasized that the SLL criterion is applica-
tion based and if 9 dBc suppression is insufficient, the loss in maximum EIRP will be 
higher.

Another observation, which follows intuitively from the higher phase error of the cor-
ner settings beam-book, is the lower angular accuracy in where the main lobe is at maxi-
mum power. It can clearly be seen in Fig. 13f that the center beams with high tapering 
have considerable better accuracy. Moreover, comparison of Fig. 13g, h shows that the 
beamwidth increases with higher tapering. This is expected as the power that is removed 
from the side lobes is instead shifted to the main lobe.

Figure 14 shows the radiation patterns for the beam-book which uses the corner set-
tings. It shows that there are no grating lobes present and that the envelope of the indi-
vidual beams are well behaved, with the possible exception of one of the edge beams at 
60.48 GHz. As the outlying behavior of this beam is not present with other amplitude 
tapers, it might be a result of phase shifters settings and not related to the antenna array 
itself.

6.1  Over‑the‑air measurements

The evaluation kit, shown in Fig. 15, is a platform designed for evaluation of the presented 
WiGig module (transceiver RFIC integrated with PCB antenna array) [11]. The kit con-
tains an IDT modem IC RWM6050 but can also be operated with other baseband solu-
tions. A metallic heatsink with thermal interface material is used on top of the chip for 

(3)d <
�o

1+ sin θ
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Fig. 13 Comparison of two beam-books; (left) phase shifters set to corner settings (maximum power), (right) 
generated with the proposed algorithm (K = 10, N = 1, M = 1, SLL <− 9 dBc, flattened amplitude). The signal 
chain is saturated. a Mainlobe peak power when phase shifters are set to corner settings. b Mainlobe peak 
power when phase shifters are set using the proposed algorithm. c SLL when phase shifters are set to corner 
settings. d SLL when phase shifters are set using the proposed algorithm. e Step size with adjacent beam 
when phase shifters are set to corner settings. f Step size with adjacent beam when phase shifters are set 
using the proposed algorithm. g −3 dB beamwidth when phase shifters are set to corner settings. h −3 dB 
beamwidth when phase shifters are set using the proposed algorithm
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(b) 60.48 GHz
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(c) 62.64 GHz
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(d) 64.80 GHz

Fig. 14 Radiation pattern of the four WiGig channels covered by the antenna module. The phase shifters are 
set to maximum gain and the signal chain is saturated

Fig. 15 60 GHz WiGig evaluation kit for 802.11ad beam-steering transceiver RFIC integrated with 2 × 16 
antenna array. A metallic heatsink is placed on top of the chip for efficient heat transfer
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efficient heat transfer. Figure 16 shows the constellation diagrams of over-the-air TX–RX 
link measurements for different channel bandwidths and QAM modulations. The dia-
grams present wireless communication up to 10 Gbps using full channel bandwidth of 
1.8 GHz with single-carrier 128-QAM modulation, as well as half bandwidth (900 MHz) 
by employing 256-QAM. For 802.11ad standard modems, only up to 16 QAM modula-
tion is supported in single-carrier mode, so a custom modem is employed for the men-
tioned measurements. The shown measurements are carried out with the TX and RX 
antenna arrays steered at 45◦ from the broadside in the azimuth plane.

7  Conclusion
This paper presents a wide-angle beam-steerable 60 GHz WiGig module for access and 
backhaul wireless systems. The 16 RX/16 TX channels transceiver chip is packaged using 
eWLB which shows around 2 dB package loss. The chip is integrated with 2 × 16 antenna 
arrays which show the realized gain of more than 20  dBi. A comparison of our work 
with state of the art is presented in Table 1. EIRP of 51 dBm is achieved in [6]; however, 
it utilizes a complex 1:12 master/slave chip structure with 144-element antenna array. 

Fig. 16 Measured single-carrier QAM constellations with an over-the-air TX-to-RX link when beams are 
steered at 45◦ from the broadside
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Besides, a dual polarized design utilizes 256 elements for each polarization to achieve 
44 dBm EIRP [19] in the band 60–64 GHz. The comparison shows that our work out-
performs different state-of-the-art work in different aspects and it can be observed that 
the proposed module is a good candidate when targeting around 40 dBm EIRP and ±50◦ 
beam steering. Besides, the module has demonstrated up to 10 Gbps data rate using full 
channel 128-QAM.

Abbreviations
RF:  Radio frequency
FWA:  Fixed wireless access,
eWLB:  Embedded wafer-level ball grid array
RDL:  Redistribution layer
EIRP:  Effective isotropic radiated power
QAM:  Quadrature amplitude modulation
LTE:  Long-term evolution
GTTH:  Gigabit to the home
WLSCP:  Wafer-level chip-scale packaging
PCB:  Printed circuit board
IF:  Intermediate frequency
RAM:  Random access memory
AGC:  Automatic gain control
ALC:  Autonomous level control
VCO:  Voltage controlled oscillator
LO:  Local oscillator
SLL:  Side lobe level
TRX:  Transceiver
QPSK:  Quadrature phase shift keying
SMD:  Surface mount device
ADM:  Advanced dielectric material
GSG:  Ground signal ground
CPW:  Coplanar waveguide
HFSS:  High-frequency structure simulator
NF:  Noise figure
RX:  Receiver
TX:  Transmitter
RFIC:  Radio frequency integrated chip

Table 1 Performance comparison with state-of-the-art solutions

Technology Ant. elements Oper. freq. Output power HPBW [ ◦] Max. SLL Beam‑ References

[circ. blocks] [GHz] [dBm] [dB] steering

65 nm CMOS 
digital

32 RX/8 TX 59.4–63.72 28 (EIRP) Not specified – Yes [2]

40 nm CMOS LP 16 RX/16 TX 57–66 24 (EIRP) Not specified − 7 ± 60
◦ [3]

28 nm/40 nm 
CMOS

144 RX/144 TX 57–66 51 (EIRP) ≈20 − 10 ± 60
◦ [6]

90 nm CMOS 32 RX/32 TX 57–62 38 (EIRP) ≈18 − 7 ± 30
◦ [20]

120 nm SiGe 
BiCMOS

16 RX 58.32–64.8 – Not specified – Yes [4]

120 nm SiGe 
BiCMOS

16 TX 51–65 21–25.5 (tot. 
OP1dB)

Not specified − 5 ± 45
◦ [5]

130 nm SiGe 
BiCMOS

1 RX/1 TX 57–66 13.4–16.2 
(OP1dB)

Not specified – – [1]

130 nm SiGe 
BiCMOS

256 TX 58–64 45 (EIRP) 6 − 9 ± 55
◦ [7]

180 nm SiGe 
BiCMOS

2×256 TRX 60–64 44 (EIRP) 6 − 8 ± 50
◦ [19]

180 nm SiGe 
BiCMOS

2× 64 TRX 60–64 38 (EIRP) 12 − 11 ± 50
◦ [19]

130 nm SiGe 
BiCMOS

32 RX/32 TX 57–66 44 (EIRP) 7 − 9 ± 50
◦ This work
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