
 

  

 

Aalborg Universitet

Experimental Validation and Applications of mm-Wave 8x8 Antenna-in-Package (AiP)
Array Platform

Li, Yifa; Fan, Wei; Gao, Huaqiang; Zhang, Fengchun

Published in:
Electronics

Publication date:
2022

Link to publication from Aalborg University

Citation for published version (APA):
Li, Y., Fan, W., Gao, H., & Zhang, F. (2022). Experimental Validation and Applications of mm-Wave 8x8
Antenna-in-Package (AiP) Array Platform. Electronics.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            - Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            - You may not further distribute the material or use it for any profit-making activity or commercial gain
            - You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

https://vbn.aau.dk/en/publications/75ea1313-7771-492e-87c2-bc03ac5f6b56


Citation: Lastname, F.; Lastname, F.;

Lastname, F. Title. Journal Not Specified

2022, 1, 0. https://doi.org/

Received:

Accepted:

Published:

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Submitted to Journal Not Specified

for possible open access publication

under the terms and conditions

of the Creative Commons Attri-

bution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Experimental Validation and Applications of mm-Wave 8x8
Antenna-in-Package (AiP) Array Platform
Yifa Li , Wei Fan * , Huaqiang Gao and Fengchun Zhang

Antenna Propagation and Millimeter-wave Systems (APMS) Section, Depart- ment of Electronic Systems,
Faculty of Engineering and Science, Aalborg University, 9220 Aalborg, Denmark; e-mail@e-mail.com

* Correspondence: wfa@es.aau.dk

Abstract: Phased array antennas play an indispensable role in millimeter-wave (mmWave) com- 1

munications. The Antenna-in-package (AiP) system combines advanced antenna and packaging 2

technology, making it highly valuable for various cellular, radar and automative applications. The 3

benefits it brings in terms of small size, low development costs, low power consumption and fast 4

beam-steering capability further drive the vast deployment of phased array antennas in mmWave 5

systems. In this paper, an 8x8 AiP experimental platform is presented and its operating performance 6

is measured and analyzed. Further, two application examples of the AiP are presented, namely, a 7

platform for investigating the phased array calibration performance of different methods, and an 8

AiP-based channel sounder for channel characterization. The performance of the channel sounder is 9

verified by analysing the angle of arrival (AoA), angle of departure (AoD) and propagation delay of 10

the measured dominant propagation components (DPCs). 11

Keywords: phased array antennas; millimeter-wave (mmWave) communications; antenna-in-package 12

(AiP); phased array calibration; channel sounder 13

1. Introduction 14

With the exponential growth of wireless data transmission applications in various 15

scenarios, 5G communications at mmWaves frequency bands provide new valuable radio 16

spectrum for wireless communications [1–3]. The large available bandwidth of mmWaves 17

communications can greatly increase the speed of wireless data transmission in numerous 18

applications [4–6]. Notably, not only has the US Federal Communications Commission 19

(FCC) released considerable available spectrum in the 28-73 GHz band but also the bands 20

available in the future are being reviewed [7–9]. Hence, mmWave has great promise 21

for research and application. However, the high propagation loss and the low signal-to- 22

noise ration (SNR) at mmWave frequencies have limited the rapid expansion of mmWave 23

communications to a considerable extent [10,11] . 24

In order to overcome the above mentioned drawbacks of mmWave and to increase the 25

range of mmWave radio transmission, directional high gain antennas are widely used as 26

system transmitter (Tx) or receiver (Rx) in communication systems [12–14]. However, as the 27

gain of the antenna increases, the beam-width of the antenna decreases, which reduces the 28

effective coverage of the antenna. To ensure reliable communication in dynamic scenarios 29

where locations of Tx/Rx and propagation scenarios are time-variant, beam-tracking is 30

of critical importance. Furthermore, electrical beam-steering of phased arrays is essential 31

to support real-time tracking of the dominant propagation paths [15–17]. Phased array 32

systems are widely used in mmWave systems, where each radio frequency chain consists 33

of an antenna, a phase shifter and an attenuator [18]. The phase and amplitude excitation 34

of each element can be designed with the help of the phase shifters and attenuators so that 35

the phased array beam pattern can be steered to given spatial directions. 36

AiP system combines all the antennas and control circuits of a phased array system 37

into a single package. This allows for low development and maintenance costs, fast product 38
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iterations, easy installation and portability, and low operational energy consumption. AiP 39

technology has been widely used in mmWave, for instance, radios, automotive radars, 40

imaging sensors [19–21]. In this paper, the main hardware and control architecture of 41

an 8 x 8 AiP which is extended based on the 4 x 4 AiP design architecture presented in 42

[22] are introduced. A series of experiments are conducted to verify the AiP stability and 43

evaluate the accuracy of elemental composite weight control, before the application of the 44

AiP. Further, two application examples of the AiP are presented, where the AiP is used as 45

an experimental platform for phased array calibration and mmWave channel sounding, 46

respectively, as detailed below: 47

Beamforming of a phased array system is achieved by properly setting the complex 48

weight for each element. Therefore it is crucial to calibrate out the initial excitations of array 49

elements to guarantee the beamforming performance. Different calibration methods have 50

been proposed in the literature, aminly for sub-6 GHz frequency bands [23–26]. In this 51

work, we aim to investigate how well the calibration method works in practical mmWave 52

phased arrays. More specifically, we would like to investigate 1) how stable the AiP works 53

2) how temperature of the AiP affects the array calibration accuracy 3) to which extend 54

the calibration can help improve the beamforming performance and 4) how accurate array 55

calibration the different calibration methods can achieve in practical mmWave AiPs. 56

In addition, it is worth noting that channel measurement and characterization are 57

essential for wireless system development, and much work is actively being done on 58

mmWave channel sounding [27–30]. The state-of-art channel sounder systems, either 59

mechanically rotating a directional antenna (typically a horn antenna) [31] or an omni- 60

directional antenna to form a virtual array [32], suffer from long measuring time. The 61

phased array can be employed in the channel sounder, where the electronically driven 62

beamforming function will enable the channel sounder to reduce the channel measurement 63

time considerably. To shorten the channel measurement time, the replacement of the 64

conventional static antenna on the Tx/Rx of the channel sounder with a phased array is 65

gradually being proposed and the associated measurements are being presented. In [33] 66

a 28.5 GHz channel sounder with 8x8 phased arrays at the Tx and Rx is proposed. The 67

channel sounder sweep time for a 3-D double-omnidirectional dual-polarized channel is 68

just 1.3 ms. In [34] an mmWave channel sounder that covers 360 degrees and 60 degrees in 69

azimuth and elevation, respectively, with a sweep time of 6.25 ms is presented. The sounder 70

also can be applied to dynamic channel measurements. In [35] the high resolution phased 71

array radar system detection range can reach up to 250 m with 28 GHz 5G communications. 72

Due to highly integrated AiP system design, it has only few external interfaces, which 73

makes the channel sounder easier to implement and more efficient to set up than a channel 74

sounder system using other type of phased arrays. The small size, low-weight and low 75

energy consumption of the AiP also make it easy to carry and move around. This will 76

make it more favorable in measurement scenarios where channel sounder Tx/Rx requires 77

motion. 78

In this paper, we apply the AiP system to channel sounding and propose a 26.5-29.5 79

GHz channel sounder with the 8x8 AiP and a 4x4 AiP employed as the Rx and the Tx, 80

respectively. In addition, the effectiveness of different calibration methods for large arrays, 81

and the effect of measurement noise on accuracy of different calibration methods have been 82

investigated based on the AiP system. Practical channel measurements are carried out with 83

the AiP system and the results are analysed. The rest of the paper is structured as follows. 84

First, the 8x8 AiP experimental platform is presented and the AiP operating performance 85

is verified in Section 2. Section 3 describes the applications of AiP in verification of the 86

accuracy for calibration method and in channel sounding, the corresponding measurements 87

are carried out and the results are analyzed. Finally, Section 4 concludes the paper. 88
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2. MmWave 8x8 AiP array platform 89

In this section, we introduce the main hardware and control architecture of the 8x8 AiP. 90

In order to verify the stability and beamforming performance of the AiP, corresponding 91

measurements are carried out. 92

2.1. AiP array platform presentation 93

As mentioned in the introduction, the mmWave 8x8 AiP array platform is based on 94

the architecture of the 4x4 AiP array platform presented in [22]. The photograph and 95

antennas layout of the 8x8 AiP array module are shown in Fig. 1 (a) and (b), respectively. 96

The 64 element antennas of the AiP array are arranged in the form of an 8 x 8 square. 97

The spacing between the antennas elements is 4.6 mm, which is approximately equal to a 98

half-wavelength (that is 4.67 mm) for 28 GHz. The block diagram of the 8x8 AiP illustrated 99

in Fig. 2, which is adapted from [22]. The 8x8 AiP consists of: 100

a) 64 patch antennas operating at 26.5 to 29.5 GHz. 101

b) 64 6-bit phase shifters with a phase shift range of 0° to 359°, and a control resolution 102

of 5.625◦. 103

c) 64 6-bit attenuators with an attenuation range of 0 to 7.5 dB, and a control resolution 104

of 0.5 dB. 105

d) 32 common attenuators with an attenuation range of 0 to 15 dB, and a control resolution 106

of 1 dB. 107

e) 32 temperature variable attenuators (TVAs), which provide gain compensation for the 108

disturbance of RF chains due to the variation of the AiP temperature. 109

f) 64 power amplifiers (PAs), which are tuned when the AiP is in Tx mode, and 64 low 110

noise amplifiers (LNAs), which are tuned with the AiP in Rx mode. 111

g) 160 switches, which are swithed to set the operating mode (i.e. Tx or Rx) of the AiP. 112

h) 16 ANOKIAWAVE AWMF-0158 RFICs chips. Each RFIC on the AiP board has four 113

control chains, each of which is connected to a patch antenna. A 6-bit phase shifter 114

and a 6-bit attenuator are integrated in each control chain for the phase and amplitude 115

control, respectively. Therefore, the excitation of the patch antenna is fed by controlling 116

the phase shifter and attenuator in the RFIC. 117

i) One STM32F427VIT6 chip acts as the microprogrammed control unit (MCU) of the 118

AiP board. The MCU interacts with the external control computer via a universal 119

asynchronous receiver/transmitter (UART). The control of the AiP RFICs chips by the 120

MCU, is achieved via the serial peripheral interphase (SPI). 121

[a] [b]

Figure 1. (a) Photograph and (b) chips and antennas layout of the 8x8 AiP model

Based on the hardware platform, the main program of the designed AiP includes the 122

commands to control the aforementioned element phase shifters, common attenuator and 123

element attenuators, and also the following commands: 124
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Figure 2. Block diagram of the 8x8 AiP

a) Tx/Rx mode switching command for setting the AiP to work in Tx or Rx mode, 125

respectively. 126

b) Element switch command for controlling each element of the AiP to turn on or off. 127

c) Chip temperature read command for reading the temperature of each chip of the AiP. 128

2.2. AiP array platform experimental validation 129

2.2.1. Stability validation 130

The measurements are performed in the compact antenna test range (CATR) cham- 131

ber to ensure the AiP is measured in a clean plane wave condition, as shown in Fig. 3. 132

Additionally, the measurement system consists of: 133

a) A VNA operating from 10 MHz to 43.5 GHz. 134

b) A laptop as the control computer that controls the AiP and VNA. 135

c) An adjustable DC Power Supply working on 12V for the AiP module. 136

8x8 AiP

Turn table

Probe 

Reflector

CATR chamber

Figure 3. Photograph of the AiP calibration measurement setup
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The transmission S-parameters S21 between the AiP and the CATR probe antenna is 137

measured by the VNA at 28 GHz, with the broadside direction of the AiP aligned with 138

the center of the CATR reflector. For this measurement campaign, the AiP is set as the Rx, 139

and the CATR probe antenna is the Tx. In this setup, the probe antenna and the reflector 140

generates plane waves impinging at the AiP phased array. In addition, the Tx power is set 141

to 10 dBm and the intermediate frequency (IF) is set to 10Hz in the VNA. 142

The complex least squares method in [23,36] is used here to estimate the calibration 143

coefficients of the AiP elements for 10 repetitions. To investigate the effect of temperature 144

on the stability of the AiP, the AiP is turned on for a period of time to warm up before the 145

calibration measurements, and the first to sixth calibration measurements are performed 146

after the temperature has stabilized. After the sixth calibration measurement, the AiP is 147

turned off to allow it to cool down, and then the AiP is turned on again to perform the 148

seventh through tenth calibration measurements immediately. It is worth mentioning that 149

during each calibration measurement, the temperature of the 16 element chips of the AiP is 150

recorded before each elements phases are reset. 151

If the tenth calibration measurement is chosen as the reference, the difference between 152

the first nine measurements and the tenth one is shown in Fig. 4. From the measurement 153

result, it can be analyzed that, except for the seventh measurement, the rest of the mea- 154

surements have a good agreement with the tenth one, both in terms of the amplitude 155

and phase excitation of array elements. In addition, the chips temperature records from 156

the measurements show that the average AiP chips temperature is consistent throughout 157

the measurements, except for the seventh measurement. For the 6th, 7th and 10th AiP 158

calibration measurements, the average chips temperature trends are shown in Fig. 5. In the 159

7th measurement, since the AiP is turned off for cooling and then turned on to perform 160

calibration measurements immediately, the average temperature of the AiP chips rises dur- 161

ing the early part of the measurement process until it stabilizes. In summary, the operating 162

temperature of the AiP has a significant effect on elements’ stability. Therefore, the AiP 163

should be used in its stable state after the temperature reaching a stable level.
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Figure 4. AiP elements stability measurement results
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2.2.2. AiP beamforming performance validation 165

The measurement of beamforming patterns of the AiP is also carried out in the CATR, 166

and the block diagram of the AiP beamforming pattern measurement setup is depicted in 167

Fig. 6. Similar to the calibration measurement system setup, the operating mode of the AiP 168

is set to Rx and is placed on the CATR turntable. The AiP performs beamforming in the 169

horizontal plane and AiP output power values are measured by the VNA. The beamforming

y
x

z

mmWave AiP

Right

Left

Up

Down

VNA

0°

Feed antenna

Reflector

Figure 6. Block diagram of the AiP beamforming pattern measurement setup
170

patterns measured for the AiP with beam-steering angle of 0°, before and after calibration 171

are shown in Fig. 7. The pattern curves were normalised for a better comparison. As can be 172

seen from the figure, the main beam of the beamforming pattern is oriented to 0◦, and the 173

main beam is about 10 dB above the first side lobes. Also the calibrated AiP beamforming 174

pattern is more symmetrical and the nulls are deeper compared to that without calibration. 175

In addition, the AiP gain is increased by 9.82 dB. Therefore, when the AiP is calibrated, it 176

is able to perform effective beamforming. Additionally, the calibrated AiP beamforming 177

patterns at different angles are presented in Fig. 8, where the results are normalized as well. 178

It is shown that the peak directions of the patterns varies with the beam-steering angles, 179

which proves that the AiP beamforming performance. 180

3. AiP array platform applications 181

In this section, we apply the 8x8 AiP as an experimental platform to investigate the 182

calibration accuracy of the calibration methods on large arrays and the performance of 183

AiP-based channel sounding, respectively. 184
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3.1. Investigating the effectiveness of calibration methods on large phased array 185

The 8x8 AiP array with 64 elements is a large array. In this part, this AiP array is 186

used as a validation platform, and the effectiveness of three typical phased array calibra- 187

tion methods: ’on-off’, ’inverse’ and ’least squares’ on large phased array calibration is 188

investigated. Some work has been carried out to investigate the calibration accuracy of 189

these three methods on small and medium phased arrays [22,23,36,37]. For the ’inverse’ 190

calibration measurement, we first activate all antenna elements of the AiP and set their 191

phase shifter and attenuator to 0° and 0 dB respectively. The S-parameter E⃗o between the 192

AiP and the chamber probe antenna is recorded. Then the phase shifter and attenuator of 193

the mth element are set to -180° and 0 dB in turn for m ∈ [1, 64], while the phase shifter and 194

attenuator of the remaining antenna elements are still set to 0° and 0 dB respectively. The 195

S-parameter E⃗m between the AiP and the chamber probe antenna is also recorded. Finally, 196

the initial excitation of the mth element e⃗m = E⃗o−E⃗m
2 is obtained. 197

In order to provide reference values for the calibration results, the phases of the first
to fourth elements are set to 22.5°, 33.75°, 45° and 56.25°, and the attenuation of the first
to fourth elements is set to -2 dB, -3 dB, -4 dB and -5 dB, respectively. The remaining
elements are set to 0° and 0 dB. The ’inverse’ method is applied to calibrate the AiP with
and without additional excitation assigned to the first four elements, and the difference
between the two calibration results is shown in Fig. 9. The amplitude differences of the
first four elements are -1.1 dB, -1.7 dB, 0.6 dB and -1.4 dB, respectively. And the phase
differences are 26.1°, 18.7°, 32.8° and 33.0°, respectively. Combining the reference values
shows that the calibration results have large errors for the intended changed elements. In
addition, there are large calibration errors of amplitude for the rest unchanged elements,
where the amplitude calculated value of 0 dB. It indicates that the ’inverse’ method fails to
effectively calibrate the AiP with a large array. The AiP array calibration excitation matrix
A of ’inverse’ method can be denoted as (1), which the condition number is k(A) = 31.3.
Therefore, the condition number of the ’inverse’ calibration excitation matrix is large, which
makes the calibration heavily influenced by measurement noise. For this reason the ’inverse’
method is not suitable for calibration on large phased arrays.

A =


1 1 . . . 1
−1 1 . . . 1
1 −1 . . . 1

. . . . . . . . . . . .
1 1 . . . −1


9x8

(1)

198

Further, the calibration method is replaced by the ’on-off’ and ’least squares’ methods, 199

taking repeated calibration measurements as described above. The AiP array calibration 200

excitation matrix of ’least squares’ method is based on the Hadamard matrix [23,36], and the 201

condition number is 1, so the phased array calibration is less affected by the measurement 202

noise. The obtained measurement results are shown in Fig. 10 and Fig. 11, respectively. The 203

errors between the calibration results of these two methods for the four intended changed 204

elements and the corresponding reference values are shown in Table 1. The measurement 205

results show that both methods are able to perform effective measurements on the AiP 206

array, though there are some errors as expected as well. The errors are mainly introduced 207

by two factors: one is the limited control accuracy of the element attenuator and phase 208

shifter and the second is that during the measurement, there is some measurement noise. 209

In particular, when the element complex filed amplitude is small, the measurement noise 210

has a large impact on the ’on-off’ calibration accuracy. As shown in Table 1, the calibration 211

error of the ’on-off’ method for the amplitude of the fourth element reaches 1.5 dB. 212

In addition, the phased array tends to work with all elements turned on at the same 213

time. When the phased array is calibrated by the ’least squares’ method, which is an 214

’all-on’ method, the circuit state, the platform temperature and the coupling between the 215

element antennas of the array are largely consistent with the working conditions. Therefore, 216
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the calibration results of the ’least squares’ method are closer to the working state of the 217

phased array. If the calibration results of ’least squares’ is used as a reference, it can be 218

concluded from the similarity of the calibration results of ’on-off’ and ’least squares’ that 219

the coupling between the element antennas is small when the AiP array is working. Hence, 220

if the coupling between the element antennas of the phased array is not large, the ’on-off’ 221

method can also effectively calibrate the phased array. 222

Table 1. Variation between the results of AiP elements calibration measurements

Element ‘On-off’ Amp.
Err. [dB]

‘LS’ Amp. Err.
[dB]

‘On-off’ Pha.
Err. [°] ‘LS’ Pha. Err. [°]

1 -0.2 -0.2 1.6 2.8
2 -0.3 0.2 5.0 -1.9
3 0.7 -0.4 2.6 1.7
4 1.5 -0.2 2.9 -3.6

3.2. MmWave channel sounding 223

3.2.1. Channel sounding measurements 224

Another application of the AiP is in a mmWave channel sounder, where the 4x4 AiP 225

described in [22] is employed as the Tx. The environment and system setup of the AiPs 226

channel sounding measurement can be seen in Fig. 12. The metal plate is introduced 227

intentionally to act as a reflector in the channel environment, generating a reflection path. 228

Both the Tx and Rx are set at a height of 1.2m above the floor, and the exact placement of 229

the Tx, the Rx and metal plate is illustrated in Fig. 13. Port 1 of the VNA is connected to the 230

Tx and port 2 to the Rx. The channel frequency response between the Tx and Rx is obtained 231

by measuring the S-parameter with the VNA. Laptop 1 is used to control the Tx, laptop 2 is 232

responsible for controlling the Rx and the VNA. 233
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[a]

4x4 AiP

Laptops

Router

Metal plate 8x8 AiP

DC supply
VNA

[b]

8x8 AiP

module

4x4 AiP

module

VNA

Laptop 2

Laptop 1

UART cable

RF cable

RF cable

Router

LAN cable
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DC supply

Power cable

UART cable

Power cable

LAN cable

Figure 12. (a) Photograph and (b) block diagram of the AiPs channel sounder setup

The router is used as a relay for the connection between laptop 1 and laptop 2, and 234

between laptop 2 and the VNA, which is physically connected via LAN cable. In addition, 235

laptop 1 communicates with laptop 2 using TCP/IP and laptop 2 communicates with the 236

VNA via the SCPI protocol. The AiPs are connected to the laptops via UART cables and 237

communicate with the Serial Communication protocol. When the AiPs channel sounder 238

measures the channel, laptop 1 controls the Tx AiP beam-steering, which enables the AiP 239

to beam-steering from -53° to 53° in the horizontal plane. For each beam steered by the Tx 240

AiP, labtop 2 controls the Rx AiP steering beams from -72° to 72° in the horizontal plane. 241

Additionally, laptop 2 also controls the VNA to record the frequency response between the 242

Tx and Rx. 243

3.3. Channel sounding results 244

The channel sounding measurements results are shown in Fig. 14 (a) and Fig. 14 (b) 245

for without and with the metal plate scenario, respectively. The AOD and AOA of the LOS 246

path between Tx and Rx are the same, which is 18.4° calculated according to Fig. 13. It can 247

be observed in Fig. 14(a) that the highest peak appears when both the Tx AiP and Rx AiP 248

steering a beam in around 18°, demonstrating that the AiPs based channel sounder is able 249

to accurately detect the LOS propagation path in this channel. 250

The power angle delay profile (PADP) obtained by the channel sounder for the channel 251

without and with the metal plate when the Tx steering a beam to direction 17.9° is shown in 252

Fig. 15 (a). It is known that path measured is the LOS path with AoA and delay are around 253

18° and 12.6 ns respectively. Because of the system delay of the AiPs, the delay is larger 254
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Figure 13. Placement of the Tx, Rx and metal plate

[a] [b]

Figure 14. (a) Without the metal plate and (b) with the metal plate results of the channel sounding

than the calculated value of 10.05 ns. Similarly, when the Rx AiP beam-steering angle is 255

17.0°, the measured PADP presented in Fig. 15 (b). The AoA and delay of the measured 256

LOS path are around 18° and 12.6 ns respectively as well. The combination of Fig. 15 (a) 257

and Fig. 15 (b) can explain that in Fig. 14 (a), even if there is no propagation path in the 258

vertical and horizontal direction of the LOS path, there is still a certain amount of power 259

lumps measured due to AiPs beam-steering pattern side lobes. 260

Further, when the metal plate is placed to create a reflection path between the Tx and 261

Rx, as shown in Fig. 13. The calculation shows that the AoD anf AoA of the reflection path 262

is 45° and -45° respectively. The measurement result is given in Fig. 14 (b). In comparison to 263

Fig. 14 (a), the channel sounder detects the LOS path as well as the reflection path. It can be 264

seen that the AoA of the reflection path is around 35°, which is different from the calculated 265

value of 45°. This is caused by position error of the metal plate and the directional beam 266

patterns of both AiPs. In addition, when the beam-steering angle of the Tx AiP is 47.5° (the 267

closest angle to 45° at which the Tx AiP performs beam-steering), the measured PADP for 268

the channel is displayed in Fig. 16. The measured AoA of the LOS path and the reflection 269

path are around 20° and -45° respectively, both close to the calculated values. The measured 270

delay for the reflection path is 14.67 ns, which is 1.33 ns larger than the calculated one. The 271

delay error is caused by the position errors of the Tx, the Rx and the metal plate, and the 272

system delay of the AiPs. 273
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[a] [b]

Figure 15. PADP of channel with Tx beam-steering at (a) 17.9° and (b) 17.0°

Figure 16. PADP of channel with Tx beam-steering at 47.5° and with the reflector

4. Conclusions 274

In this paper, the hardware structure and control program of an 8x8 AiP array experi- 275

mental platform are presented. Further, the stability, element weighting control accuracy 276

and beamforming feasibility of the AiP are measured and verified. We also demonstrate 277

that temperature has a high impact on the AiP performance. Then, the calibration accu- 278

racy of different calibration methods for large phased array is investigated with the AiP 279

platform. The measurement results show that the calibration accuracy of ’inverse’ method 280

for large phased array is low because it is vulnerable to measurement noise. In addition, 281

if the coupling between the element antennas is small, ’on-off’ method can be effectively 282

calibrated for phased arrays as well, though better accuracy can be achieved with ’all-on’ 283

method. Finally, a 26.5-29.5 GHz channel sounder system is designed with the 8x8 AiP and 284

a 4x4 AiP. In the channel sounding measurements, the DPCs are analysed in terms of AoA, 285

AoD and delay. The results verify that the channel sounder can work effectively. It saves 286

measurement time and simplifies the measurement setup due to the swift beam control 287

capability of the phased array. 288
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