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Abstract 

Next generation communication systems will demand extremely high system capacity. Approaches 

such as complex digital modulation schemes, widening of the instantaneous bandwidth and massive 

multi-input multi-output (MIMO) architectures will need to be employed to realize such high capacity 

systems. However, these approaches impose stringent requirements on the radio hardware. For in-

stance, in conventional wireless transmitters, isolators/circulators are typically used to immunize the 

radio hardware and its performance from negative effects of the antenna load variation. However, in 

massive MIMO transmitters, while the antenna active impedance varies significantly, isolators cannot 

be used due to their unacceptable overhead in terms of cost and space. Thus, within these transmitters 

the power amplifiersô (PA) performance in the aspects of linearity, output power and efficiency are 

significantly impacted by the load modulation introduced by the finite isolation between the antenna 

elements. To date, studies in the literature have mainly relied on emulating the load modulation in 

massive MIMO transmitters and have used generic PAs rather than those specifically designed for 

massive MIMO transmission. 

This work begins by designing a two-by-two RF front-end for a massive MIMO transmitter, com-

prised of antenna and PA arrays suitable for use in a base station. The antenna array is formed of mul-

tilayered patch antenna elements that achieved an enhanced isolation and extended fractional band-

width of 19 dB and 14%, respectively. The PA array was built using gallium nitride transistors and 

carefully operated in Class J mode. Under continuous wave measurements, the PA array element 

demonstrated high peak-power efficiency of between 54%-66% over the frequency band ranging 

from 3.2GHz to 3.8GHz. It also showed excellent linearizability when driven with modulated signals 

with 200 MHz instantaneous bandwidth. When both the antenna and PA arrays are connected, they 

form a front-end that was used to study the effects of the antenna load modulation using realistic 

modulated signals. This study undertook a large set of measurement configurations specifically de-

vised to investigate the effects of coupling due to the PA substrate and finite isolation between the 

antenna elements, as well as the extent of the nonlinearity of the PA elements. Furthermore, a single-

input single-output (SISO) digital pre-distortion (DPD) scheme was applied to attempt to linearize the 

overall response of the PA array. This study revealed that the coupling attributed to the PA substrate 

had a minor impact on the arrayôs performance. Furthermore, it highlighted the necessity of jointly 

designing for both the PA element linearity and the antenna isolation level, so that SISO DPD can be 

used and MIMO DPD is avoided. 
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Chapter 1 

Introduction 

1.1 Motivation 

The fifth generation (5G) communication system is expected to be the dominant communication 

technology, supporting diverse applications including but not limited to Internet of Things (IoT), 

high-definition videos and enhanced broadband mobile services [1]. Accordingly, unprecedented 

challenges need to be addressed. For example, large capacity transmission (100 Mbps ~1 Gbps), end-

to-end low latency (1 ms) and energy-efficient ultra-dense cover (1 million connections per square 

kilometer) are the key performance indicators [2].  

The demand for high throughput and high signal quality leads to making efficient use of precious 

and crowded radio spectrum imperatively. On the one hand, employing spectrum efficient modulation 

scheme such as high-order quadrature amplitude modulation (QAM) in combination with orthogonal 

frequency division multiplexing (OFDM) exploit the spectrum potential. On the other hand, massive 

Multiple-Input Multiple-Output (MIMO) technique, integrating large number of active antenna and 

multiple signal chains at both transmitter and receiver ends, is a very promising solution to achieve 

the system capacity requirement in many ways. Firstly, the combination of multiple beams in the far 

field provides the high directivity and high robustness, compensating for the channel fading and sur-

rounding interferences. Secondly, the spatial multiplexing increases the data rate by serving users at 

different locations in parallel [3], offering efficient utilization of spectrum since all the users are still 

using the same spectrum band.  

To utilize the advantages of massive MIMO concept, massive compact-size, and low-power-

consumption RF front ends as well as the ability to accurately control each transmitted signal over the 

wide-band frequency range are required [4].  

Since all the antennas in MIMO are working at the same frequency, the signal emitted by one an-

tenna element can be coupled to another one due to the limited isolation level within antenna array. In 

a conventional communication system, circulators are inserted between antenna and PA to prevent the 

reflection from mismatch and mutual coupling. However, circulators are bulky, lossy and costly, es-

pecially when employed in a large number of RF chains. In addition, the removal of circulators ena-

bles the compact integration of RF front end. Based on these reasons, the next generation communica-
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tion system will use circulator-free architecture, which invalidates some of the assumptions in con-

ventional wireless communication architecture where circulators are used.  

For example, PA and antenna designed for 50 Ohms with -10 dB return loss individually, will have 

at worst -5 dB mismatch when directly connected, which will cause severe power loss and linearity 

degradation and even damage the transistor. Furthermore, under the mutual coupling of the antenna 

array, a 50 Ohm-oriented PA is presented with a time-varying load modulated by signals from all the 

antenna elements, instead of its own physically loading antenna only. Since the impedance seen by 

the PA dictates the PAôs performance, the varying load causes non-negligible nonlinear distortion. 

In a wireless communication system, power amplifier is one of the most power-hungry components 

and dominates the total power efficiency in the system. Therefore, for ensuring a relatively high over-

all efficiency, PA is always driven into a high efficiency but more nonlinear region, which leads to a 

significant source of non-linearity. As the last stage of RF chain before antennas, PA has great impact 

on the transmitted signal quality. Especially in MIMO transmitter, non-ideality of PAôs output direct-

ly generates the in-band and out-band distortion of the radiated signal, thus the beam-formed pattern 

and total channel capacity are degraded. Consequently, to fully understand the behavior of massive 

MIMO transmitters, the analysis methodology must be revised to take consideration of PA-Antenna 

interface at the presence of antenna finite isolation and PA mismatch [5]. For achieving this goal, a 

realistic PA-Antenna array system is a prerequisite, where all the nonlinearity are included and mani-

fested, so that the comprehensive analysis can be conducted. 

1.2 Problem statement 

In SISO transmitter environment, especially for base station application, PA design is mainly focused 

on achieving high efficiency due to its decisive impact on the total efficiency of the chain, without 

intensive consideration of linearity. Then linearization techniques such as DPD, feedback, and feed-

forward, are applied to linearize the PA, which is operating in high efficiency mode but with nonline-

ar behavior. The gain of linearity is at the cost of additional power consumption and design complexi-

ty. When the power generated by single PA is over tens or hundreds of watts, this overhead is ac-

ceptable and cost-effective.  

If the same PA design strategy is employed for MIMO transmitters, the system efficiency could be 

degraded significantly. The output power of each PA in a (massive) MIMO transmitter is scaled down 

with the increase of the number of PA. However, the DPD power consumption for each PA is still 
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kept the same when the load modulation problem is not considered. This way, the power consumed 

by DPD is already proportionally increased by the number of chains. It must be noted that the same 

multiple copies of PA designed for SISO transmitter working at MIMO scenario will experience load 

mismatch and load modulation induced from antenna coupling, as introduced by the thesis motivation 

in section 1.1. This issue motivates researchers to develop more complicated DPD schemes, like dual-

input DPD [15] and multi-input DPD [7] to incorporate the couplings from other paths. The complex-

ity of DPD further adds burden to the system or even becomes unfeasible in realistic hardware. 

Therefore, the PA linearity issue needs to be examined specifically in MIMO scenario. This paper 

investigates experimentally the joint impact of RF power amplifier non-linearity and cross coupling 

between the antenna elements on the linearizability of sub-6 GHz digital beamforming arrays using 

SISO DPD technique. Specifically, it is shown that to avoid high complexity MIMO DPD both fac-

tors must be carefully co-designed. For example, highly nonlinear PA elements (e.g. -30 dB adjacent 

channel power ratio (ACPR) before DPD correction) would require very high isolation e.g. -30 dB 

between antenna elements (significantly in excess of the commonly assumed 20 dB isolation [12] 

[14], where the tested PAs are more linear, e.g. -40 dB ACPR before DPD correction), which may not 

be possible in practice especially for large array. This study thus demonstrates the importance of 

jointly designing the PAs and antenna arrays as separate designs cannot ensure overall system per-

formance optimization. A 2 × 2 PA-Antenna array was designed, using GaN power amplifiers and 

patch antennas operating at 3.5 GHz, to serve as a device under test in the experiments. 

1.3 Thesis Organization 

This thesis is organized as follows. Chapter 2 introduces the PA nonlinearity and Digital Pre-

Distortion to provide the background information. Then the literatures studying the antenna coupling 

effect in MIMO transmitters are summarized. From the literature review, the importance of employ-

ing the realistic RF front end to characterize the problem is demonstrated. The following is the thesis 

objectives. Chapter 3 and 4 presents the architecture of the designed PA and antenna array, and the 

reasons behind. The design steps are detailed, including the simulations and measurements. With the 

designed PA-Antenna array, system measurement and investigation is performed in Chapter 5. Dif-

ferent impact factors for SISO DPD performance in MIMO transmitters are studied. Enlightening de-

sign considerations for MIMO transmitter are given. At the end, the thesis is concluded in Chapter 6 

and the future work is suggested. 
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Chapter 2 

Background 

The radio hardware imperfection degrades the transmitter performance. Among the components in RF 

chain, PA contributes the largest portion of nonlinearity, and impact significantly the total efficiency. 

In this chapter, the PA nonlinearity and SISIO DPD technique are introduced. Then the literatures of 

studying the PA nonlinearity behavior in MIMO transmitter are summarized. 

2.1 PA nonlinearity 

Among the various indicators for PA linearity, the AM/AM and AM/PM are the most widely used. 

AM-AM is power gain variation versus output power, and AM-PM is the output phase variation ver-

sus output power. These two curves are expected to be flat, which means the signal is proportionally 

magnified by the same magnitude amplification and phase shift. However, the real situation is illus-

trated in Fig.2.1 when stimulus is continuous wave (CW). The expansion or compression of AM-PM 

and AM-AM is the result of the variation of conduction angle and nonlinear parasitic capacitors of the 

transistor. The relatively flat part only exists at low power region, where PA operates less efficiently. 

   

Fig.2.1 AM/AM and AM/PM vs. Drain efficiency (DE) of a Class AB Gallium Nitride (GaN) PA 
 

In addition to the trade-off between PA efficiency and linearity, when the PA is driven by modulat-

ed signal, signal quality is also suffering from the dynamic distortion. Dynamic distortion is also 

known as memory effect because the PA output is a function of not only the current input, but also 

the past input. The memory effect can be caused by the frequency response of the matching network, 

the drain supply modulation due to the even term intermodulation product, and transistor properties 
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variation due to heat accumulation. Fig.2.2 depicts the dynamic distortion when a GaN PA is driven 

with a 100MHz OFDM signal. 

  
 

Fig.2.2 AM/AM and AM/PM of a GaN PA with 100MHz 8 dB PAPR OFDM signal  

 

Fig.2.3 Spectrum regrowth and in-band distortion. 
 

The consequences of the PA nonlinearity are the distortion of the transmitted signal and the leakage 

to the adjacent band as shown in Fig.2.3. The former deteriorate the signal quality, and the later gen-

erates interference to other channels. The deviation of the in-band signal is quantified by the normal-

ized mean square error (NMSE), where ὦὲ is the output signal normalized by the gain, ὥὲ is the 

input signal:  

ὔὓὛὉ
В ȿ ȿ

В ȿ ȿ
                                                        (2.1) 

The adjacent channel power ratio (ACPR) is used to evaluate the out of band distortion, where ὖ  

is the power of adjacent band, and ὖ  is the power of in-band: 
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ὃὅὖὙρπὰέὫ                                                               (2.2) 

Both of these two factors need to be eliminated to as low as possible. 
 

2.2 DPD technique 

           

Fig.2.4 Block diagram of PA model                          Fig.2.5 Block diagram of PA compensated by DPD 
 

Digital Pre-Distortion has been demonstrated to be an effective way to pre-compensate the PA non-

linearity. If a PA behavior can be described by a nonlinear function of input signal ὼὲ with the out-

put signal ώὲ as shown in equation (2.3) and Fig.2.4: 

ώὲ Ὢὼὲ                                                                  (2.3) 

The DPD applies the inverse function of Ὢ, Ὢ  before PA input such that the desired signal can be 

recovered at the PA output as shown in equation (2.4) and Fig.2.5: 

ώὲ Ὢᾀὲ              ᾀὲ Ὢ ὼὲ                                           (2.4) 

Different behavior model functions and numerical solutions have been researched deeply and ma-

turely. However, most of them are based on the single-input-single-output model, which means the 

PA behavior is only decided by the input signal. When applying SISO DPD to a MIMO transmitter, 

the expected linearization performance cannot be achieved because of the cross coupling between 

antenna elements, as the following section 2.3 and 5.2 will show. 

2.3 Literature review on study of cross coupling effects in MIMO transmitter 

Cross coupling is the signal leakage from other chains. In a conventional communication system, the 

cross-coupling normally exists between antennas: Antenna array has electromagnetic coupling be-

tween elements, which is linear in nature. In the meantime, isolators between PA and antenna protect 

the PA from the harm of load mismatch and injection of other signal. Thus the antenna coupling in 

conventional system only causes the linear distortion in output signals. Together with channel equali-

zation, this linear coupling effect can be compensated at the receiver end easily. However, the future 
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generation communication systems will integrate massive transmitters in one chip or board, where 

shared LO, substrate and supplies introduce inevitable linear and nonlinear cross coupling effects [6]. 

In addition, the dense integration also requires the removal of isolators, which are bulky, lossy and 

costly. In an isolator-free architecture, the mismatch and coupling in PA-antenna interface needs spe-

cial attention, because PA, a nonlinear device, will transfer the antenna linear coupling into a nonline-

ar problem when PA load is changing as shown in equation (2.5) and figure 2.6. The active imped-

ance seen by PA is a function of all the incident signals and antenna parameters, which is the direct 

consequence of cross coupling. The cross coupling in a massive MIMO transmitter is complex and 

has significant effect on system performance. Great attention has been given to this topic during the 

past ten years. 

 

Fig.2.6 Active impedance embodied with reflection coefficient of the PA in MIMO transmitter  

 

ɜ
В

                                                        (2.5) 

 

In 2009, the authors in [7] categorized the couplings into two groups, before PA and after PA. The 

couplings before PA are amplified and distorted by PA, which is the main source of nonlinearity of a 

transmitter. The conventional DPD is incapable of linearizing it because conventional SISO DPD is a 

function of single input signal. As for the coupling after PA, like antenna coupling, they claimed that 

this linear coupling can be easily compensated with the matrix inverse algorithm together with chan-

nel equalization, which is true for isolator added system. For simulation validation, they added the 

extra directional couplers before PA to create the RF nonlinear coupling, and provided the two 

branches with the same input signals. In their work, the transmittersô output with the effect of cross-

talk is modeled as: 

ώ Ὢὼ ‌ὼ           ώ Ὢ‍ὼ ὼ                                          (2.6) 
  

Fig.2.7 depicts the DPD architecture in this work. The proposed crossover-DPD is based on 

memory polynomial with the addition of input cross terms and formulates an approximation of the 

inverse of the composite nonlinearity in the two input two output transmitter, to linearize the distor-
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tion introduced before PA. We can see from equation (2.6) and fig. 2.7 that it limits the study to the 

cross talk before PA in two-transmitter system, and only takes the linear combination of two inputs 

and ignores the higher order cross-terms. Besides, they didnôt provide the measurement setup for val-

idation of linear cross coupling effect.  

  

Fig.2.7 MIMO transmitter with crossover -DPD and nonlinear crosstalk [7] 
 

Compared with [7], the authors in [8] conducted measurements not only for coupling before PA but 

also the coupling after PA. For quick validation and low cost setup, couplers before and after PAs are 

employed to artificially create coupling between signal paths. Again, they also believe the coupling 

after PA is linear combination effect. Respectively, Generalized Memory Polynomial for Nonlinear 

Crosstalk (GMPNLC) is proposed for compensating the coupling before PA as shown in equation 

(2.7) [8], and Generalized Memory Polynomial for Linear Crosstalk (GMPLC) is proposed for com-

pensating the coupling after PA as shown in equation (2.8).  

ώ Ὢὼȟȿὼȿȟȿὼȿ Ὢὼȟȿὼȿȟȿὼȿ                                                   (2.7) 

ώ Ὢὼȟȿὼȿ Ὢὼȟȿὼȿ                                                           (2.8)  

The couplers are inserted before and after PA to mimic the nonlinear and linear coupling effect re-

spectively as shown in Fig.2.8 (a). For assumed linear-only coupling compensation, we can see the 

residue of out of band distortion by GMPLC is higher than that by GMPNLC, and similarly for the 

NMSE. This exactly demonstrates that the coupling at PA output is not simply a linear combination. 

Besides, their DPD architecture is multi-input based, i.e., a multivariate polynomial or Volterra series, 

which is already complicated for large number of signal paths, and not to mention that this high com-

plexity calculation has to be done in every path of the transmitter. 

These coupler-based simulations or measurements can only approximate two branch coupling cas-

es, otherwise the complexity explodes significantly when considering all level of coupling in large 

antenna arrays. Therefore, the highest number of transmitter chain studied by means of couplers is 
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three in [9]. However, they put isolators closely behind PAs, and then followed by couplers. In this 

arrangement, the coupled signal doesnôt feed the PAs because of the isolators, thus only linear cou-

pling effect is studied, which is not realistic for 5G system. 

 

 

(a) 

 

(b) 

Fig.2.8 a) Measurement setup with different insertion of couplers b) measured power spectral density versus 

frequency for DPD of a device under test (DUT) with -20 dB linear crosstalk. The different inverse model used 

for DPD are explained in the legend [8]. 

 

Inspired by active load-pull system, direct injection of a signal into the PA output is another meth-

od to emulate the coupling effect in MIMO transmitter. For example, the work in [10] provided an 

antenna-free measurement setup as shown in fig.2.9. At the output of the DUT (PA), the second input 
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signal TX2, calculated based on RX1 and designated antenna parameters, is injected to emulate the 

power coupled from antenna. The circulator is placed for DUT matching. Since the signal injection 

change the effective load of the DUT, and thus DUTôs output is also changed, the process is iterative. 

This setup works like an active load-pull, and it can emulate any level of coupling with any kind of 

adjacent input signals. According to their results, -20 dB coupling between two elements could avoid 

distortions by a large extent. 

 

Fig.2.9 Proposed measurement setup for emulation of coupling effect [10] 
 

Combing coupler and load tuner together, load mismatch and mutual coupling in MIMO transmit-

ter are studied in [11] as shown in Fig 2.10. A unified behavior modeling and DPD solution is pro-

posed to take into account of these two factors as a resultant reflection coefficient at the PA output. 

The reflection coefficient ɜ is a function of active impedance  :  and  :  , which is determined 

by the physical part  ὤ ,  ὤ  and the virtual part  ,  as shown in the equation (2.9) [11]. The 

physical part embodies the load termination or mismatch, and the virtual part is led by the antenna 

coupling. 

A set of training load points in the Smith Chart corresponds to different complex reflection coeffi-

cients. DPD coefficients are estimated for each point of the training load. The new coefficients for 

test load are generated from the interpolation of the training data with respect to the reflection, includ-

ing both magnitude and phase. The model they used is a dual-input Memory Polynomial with the 

nonlinear order of crossover term [7] [8] between PA input and PA output reflection. For modeling 

extraction and validation, a programmable load tuner is added at the PA output to create mismatch, 

and an identical PAôs output is coupled to the main PA output through a coupler to mimic the cou-

pling from other paths. The inputs signals are limited to the two identical 20 MHz, four carrier Wide-

band code division multiple access (WCDMA) modulated signal centered at 2.3 GHz for main PA 

and coupling path PA. For Class AB PA and Doherty PA, the proposed Reflection-aware DPD can 

reduce ACPR by at least -13 dB and -10 dB respectively when mismatch and/or coupling exist. With 
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the same reflection magnitude but different angles, the modeling accuracy and DPD linearization per-

formance vary significantly according to their results. It is worth noting that the excitation signals 

used for two paths are the same. Therefore the load variation presented is static within a given signal 

frame, which is just the load mismatch, not load modulation by the coupled signal at micron-second 

level. In essence, this work is still researching on the reflection-dependent crossover DPD. 

  

 

(a) 

               

(b)                                                                             (c) 

Fig.2.10 (a) Proposed measurement setup to emulating load mismatch and mutual coupling effect (b) Two-port 

power amplifier (c) Transmitting front end with mutual coupling [11] 
 

ɜ  = 
ᶻ

           ὤ  ὤ   έὶ  ὤ                                        (2.9.a) 

:  = :                                                             (2.9.b) 

:  = :                                                             (2.9.c) 

 

Instead of emulating the coupling effect in antenna array with extra couplers or load tuners, using 

real antenna array as load is more appropriate. The work in [12] did the investigation of two-branch 

PA and antenna array out-of-band distortion variation when having different antenna element spacing. 



 

12 

The setup is centered at 2.12 GHz and tested with two independent 5MHz WCDMA signals. The 

measurement shows that closer spaced antenna array introduces higher coupling and higher out-of-

band distortion, which refuted that the assumption in [7] that antenna coupling only leads to linear 

distortion. And deterioration of the ACLR appears to increase proportionally in dB with the rising of 

antenna coupling. Based on dynamic extensions of the poly-harmonic distortion (PHD) model, the 

authors of [12] proposed a dual-input excitation PA behavior model in the low-pass equivalent com-

plex envelope domain as shown in equation (2.10). Ἢ, Ἡand Ἡ are vectors of the output and input 

waves for all N transmitter branches. ἡ , ἡ  and ἢ  are diagonal matrices containing the nonlinear 

parts of the PA function. And ἡ  is the antenna S-parameter matrix. 

Ἢ ἡ ȿἩȿἩ  ἡ ȿἩȿἩ  ἢ Ἡ Ἡᶻ                                  (2.10a) 

Ἢ ἡ ȿἩȿἩ  ἡ ȿἩȿἡ Ἢ  ἢ Ἡ ἡ ᶻἪᶻ                          (2.10b) 
 

Each power amplifier output is a nonlinear function of its input Á and the reflection combination 

Á from all the antenna ports at this PA output. The first item in 2.10 describes the PA nonlinearities, 

the second and third items describe the antenna mutual coupling and mismatch effects brought by 

antenna array. Unfortunately, this model does not predict the input impedance variations, and it also 

is a first order linear approximation, thus being still limited to relatively low levels of Voltage Stand-

ing Wave Ratio (VSWR). 

Based on the similar dual input model in [12] mentioned above to predict the PA RF behavior in 

MIMO scenario, the authors in [13] also include the model of transistor DC current to predict PA ef-

ficiency and linearity properties under the MIMO environment. The transistor intrinsic current is 

transferred to the measured power supply current, by a low-pass filter composed of cable resistance 

and the largest decoupling capacitor as depicted in fig. 2.11 a). And the intrinsic dc current is decided 

by incident current and reflected current of the RF output. Thus the DC behavior model is based on 

the extraction of RF model. The PA model is extracted with OFDM signal (modulation band-

width=20 MHz, PAPR= 10d B) at 2.1GHz using the active load-pull setup. The load variation range 

is confined in a circle on the Smith Chart, which is determined by a four by one linear dipole antenna 

array with -20 dB coupling level. Each PA is separately housed in metallic cover, and has its own 

PCB board. The system is measured in both phased array case, where highly correlated signals are 

used for excitation, and MIMO case, where totally different four OFDM signals are used. PAôs effi-

ciency, output power and ACLR show an evident variation when having different input phases in 

phased array scenario. Take PA efficiency as an example as shown in fig. 2.11 b). Besides, the addi-
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tion of mutual coupling adds the imbalance to in-band signal spectrum and out-band regrowth com-

paring with the 50 Ohm termination case. The assumption they made is that all the PA are the same, 

thus the model extraction is done for one PA. However in reality each chain has inevitable hardware 

variations and would provide abundant diversity to the MIMO system, which may be taken advantage 

of since the diversity may offer a certain level of averaging cancelation in statistics. Proper DPD 

probably is able to correct the linearity degradation, but cannot do anything with output power com-

pensation. 

 
(a)                                                                           (b) 

 

Fig. 2.11 a) Equivalent model for the dc current generation. b) simulated and measured PA behavior when hav-

ing different input phases.[13] 

 

An antenna array closer to real application in 5G base station is employed to study the coupling ef-

fect in [14] and [15].  The two by two microstrip patch antenna array is a typical array that incorpo-

rates the three kinds of coupling level between four elements, which offers the flexibility to test dif-

ferent input combinations. As an extension of work in [12], a dual-input Volterra series-based model 

is pruned to a dual-input memory polynomial model, which includes PA nonlinearity and its mixing 

terms with mutual coupling and mismatch [14]. Besides, for non-flat frequency response antenna ar-

ray, finite impulse response (FIR) filters, derived from multi-frequency S-parameters, are used to de-

scribe the relation between an incident wave and the output signals, instead of using single frequency 

S-parameters. They designed a high coupling level (-12 dB) and a low coupling level (-24 dB) two by 

two antenna arrays. Four different and independent 20MHz OFDM signals with 8.5 dB PAPR are 

used for driving the four PAs. The model were used to predict the behaviors of single PA and PA ar-

ray with and without SISO DPD as shown in fig.2.12. Based on their results, we have the conclusion 

that the distortion due to mutual coupling and mismatch are lower than the distortion of the PA itself, 

but cannot be linearized by SISO DPD, especially in a high coupling environment.  
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(a) 

 

 

(b) 
 

Fig. 2.12 Spectra of PA1 for (a) high-coupling array and (b) low-coupling array. Left: PA is operated in a sin-

gle-path scenario. Right: MIMO scenario. Measurements (meas) without SISO DPD and with SISO DPD are 

compared with simulations (sim) without SISO DPD and with SISO DPD [14] 

Later on, a DPD solution is proposed for MIMO transmitter to linearize the distortion due to anten-

na mutual coupling and mismatch in [15], avoiding the complexity explosion for large number of an-

tenna array. The DPD architecture can be divided into two parts: a linear relationship which describes 

all the inputs and output of an antenna array, and is shared by all the parallel channels depicted by 

CTMM (crosstalk and mismatch model) block in Fig. 2.13; and a nonlinear dual-input DPD block, 

originating from the model in [12], that exists at each transmit path, as shown in Fig. 2.13. 

Since the complexity of CTMM block is linearly increasing with the number of transmitting paths, 

and dual input DPD of each path has nothing to do with the total number too, the complexity does not 

explode when scaling up the transmitting paths. Yet the performance achieved by this technique is 

extremely similar to the multi-input DPD, which has significantly coefficients explosion for large 

MIMO system. A single antenna is placed at far field to measure the combined signal. The ACPR 
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improvement of the combined signal is close to the improvement of individual PA. However, the sig-

nal bandwidth is limited to only 5MHz, which does not satisfy the requirement of the next generation 

communication. For calculating CTMM coefficients, they made an assumption that the PA output 

Ἢ ὲ already equals the desired input signal Ἢ ὲ, which corresponds to the linearized scenario. 

This might not be an accurate estimation. In addition, the PA used to predict the behavior in [14] and 

verify the DPD performance in [15] are four SKY66001-11 amplifiers, which are linear amplifiers 

and not representative application for base station. 

 

 

Fig. 2.13 Block diagram of a multi-antenna transmitter with the proposed DPD method [15] 
 

To get a better analysis of PA nonlinear distortion caused by antenna array coupling, the numerical 

simulation for a 64-element PA-Antenna transmitting array was conducted in [16]. Using circuit en-

velop simulation with 5 MHz WCDMA signal, the PA model is extracted based on the two-input be-

havior model in [12] for memoryless case. The active impedance, Á ȾÂ, shows an evident variation 

space when the antenna array is steered for different angles. The central elements in array experience 

severer changes than the ones on the edge. Accordingly, the PA nonlinear properties embodied as 

AM-AM and AM-PM also display the dependence in the element location and beam angle. It should 

be noted that at certain beam angles, AM-AM curves have different expansion and compression level 

as shown in Fig.2.14, which provides the possibility of canceling each other at the combined signal 

(The relevant simulation is done in [17]).The PA inputs have the same signal magnitude with differ-

ent phases, which corresponds to the phased array case. However, in a more general scenario, e.g. 
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digital beamforming, all inputs are totally different at magnitude and phases, which could present 

larger impedance variation in the Smith Chart and even negative impedance. 

 

 

Fig.2.14. Simulated AM/AM distortion in each of the 64 transmitter PAs. Contour plots to the right show max-

imum dB deviation from constant gain. [16] 

2.4 Thesis objectives 

From the review and analysis above, it is significantly necessary to build a two by two PA-Antenna 

array system, where all the nonlinearity is included and manifested so that the comprehensive analysis 

can be conducted. For fulfilling this purpose, employing typical PAs and antennas for 5G digital 

beamforming base station with wideband signal verification is the prerequisite to reveal the sources 

and mechanism of nonlinearities in realistic MIMO system. Firstly, the antenna gain and PA output 

power decide the equivalent isotropically radiated power (EIRP), which describes the transmission 

power in a certain direction. Consequently, those low power linear PA for cellular application should 

not be used as device under test in this investigation. Besides, wider bandwidth transmitter can pro-

vide higher system capacity, which is highly desired in 5G system. As for the antenna array isolation, 

there is no meaning to deliberately create a high coupling array, e.g. placing elements closer than ɚ/2, 

because this arrangement will harm the antenna radiation pattern, leading to nulls in the coverage re-

gion, and also exaggerate the load variation level induced by antenna coupling. Last but not least, 

since the distortion and linearizability of PA array under finite antenna coupling is the subject of this 

thesis, each PA alone should be linearizable when working separately, such that the impact of antenna 

cross coupling can be isolated from the impact of nonlinearity of PA. Based on the analysis above, the 
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design specifications are given. Up to date, no literatures have been found in investigating the PA 

load modulation problem with such realistic hardware system. 

The power, efficiency, bandwidth, and linearity requirements of the PA in this thesis for OFDM 

signal transmission are as follows: 

Å Average output power > 25dBm under modulated signals with PAPR of 8 dB 

Å Peak Drain Efficiency (DE) > 50% across the band 

Å Fractional Bandwidth (FBW) > 15% 

Å Adjacent channel leakage ratio (ACLR) < ï45 dB after DPD linearization 

Å Normalized mean square error (NMSE) < 3%. 

Antenna bandwidth, gain and isolation specifications are given: 

Å Fractional Bandwidth (FBW) > 10% 

Å Array broad side gain >11 dB 

Å Array isolation >  20 dB 
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Chapter 3 

Antenna array design 

Building MIMO RF front end is complex and costly, thus plenty of work on MIMO transmitter only 

uses several identical commercial PAs combined by couplers and loaded with load tuner to emulate 

the complicated mutual coupling effects and active load variation [9] [11] [18]. However, this emula-

tion does not represent the realistic load modulation situation. First, the artificial coupling created by 

couplers only emulates the magnitude of 3 , yet the phase of 3  decides the constructive or decon-

structive impacts of the combined waves, which, together with magnitude, determine the active im-

pedance seen by the PA. Second, antenna elements at different locations experience difference cou-

pling level and combination. For example, the Fig.3.1 displays a 16-element antenna array with dif-

ferent levels of coupling. For the element sitting in the center, they have four highest coupling paths, 

four less strong coupling path and other weak coupling paths. On the contrary, the corner antennas 

have only two highest coupling and one less strong coupling.  Hence only using several couplers is 

not comprehensive to embody the various physical coupling. 

 

Fig.3.1 Antenna array showing different coupling levels 

Furthermore, the passive load tuner is unable to provide microsecond-level load variation, which is 

the envelop variation time scale. Thus the passive load tuner can only emulate load mismatch instead 

of load modulation for PA. In conclusion, in order to investigate the active load modulation in MIMO 

system, a real antenna array is unavoidable.  
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Although [13] used real antenna array for their test, the linear array, again couldnôt stand for the 

complete real antenna array coupling case. Besides, [14] had two by two patch antenna array, but nar-

row matching bandwidth limits the measurement with wideband signals. Wideband signal test reveals 

more details of PA memory effect when operating in such active load modulation environment. So it 

is imperative to design a real 2D antenna array with wide bandwidth. 

3.1 Single wideband antenna 

A two-layer microstrip patch antenna is designed. 

Microstrip patch antenna has been attracting attention for the past 50 years for its low profile, low 

cost and easy to integrate with other printed circuit. Especially in MIMO system, planar property of 

patch antenna makes it possible to integrate with PA closely in the same panel as will be shown later 

in chapter 4. In the meantime, the wide beam width of path antenna allows better beamforming cov-

erage. However, the plain microstrip patch antenna is a resonator, which has narrow band characteris-

tic by nature (less than 10%). In order to perform more comprehensive measurement related to 

memory effect, we need to increase the operation bandwidth of the signal, and the matching band-

width of the antenna as well. Accordingly efforts have been made for enlarging the bandwidth of mi-

crostrip patch antenna.  

Basically, the bandwidth of patch antennas can be broadened in two ways. One way is to increase 

the substrate thickness and decreasing its dielectric constant. Both reduce the Q factor of the resona-

tor. The second way is to introduce multi-resonance to the radiator and align resonances closely.  Be-

cause of the single-resonance nature, bandwidth improvement by tuning the substrate is limited. 

Based on the theoretical analysis in [19], for larger than 10% bandwidth, the ratio of substrate thick-

ness over ʇ (wavelength in substrate) has to be at least 0.1, which imposes restriction for feeding 

structure.  As to the second approach, investigation and design are intensively conducted. For exam-

ple, adding parasitic elements above the main patch [20] or around the main radiator [21], cutting the 

U-shape [22] or V-shape slot [23] on the patch to introduce a second or third resonance. A non-

radiating resonant created by L-shape feeding probe [24] can be used to modify the input impedance 

of antenna so as to increase the bandwidth. Besides, adding shorting pin [25] to excite and merge 

more than one modes [26] simultaneously are also quite helpful for bandwidth extension.  
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Among all the techniques mentioned above, two-layer stacked patch antenna is simple to design 

and fabricate, easy to be scaled to an antenna array and able to provide a reasonable wide bandwidth 

for our investigation (above 10%).  

A stacked microstrip patch antenna consists of more than one metallic patch layers. Layers are 

electromagnetically coupled between each other. As shown in the fig 3.2, the top patch is the radiat-

ing element, coupled from the bottom patch, which is feed by a coaxial connector backward. The bot-

tom patch introduces the second resonance. By proper tuning the distance and dimensions of two 

patches, the two resonances can be merged closely to form wide impedance bandwidth. Particularly 

for the air substrate case, works in [27] found that the wide impedance bandwidth happens at the air 

gap smaller than ɚ/10.  

 

 (a)                                                                                (b) 

Fig 3.2 Top view (a) and side view (b) of two layer antenna 

3.1.1 One layer antenna 

Design starts from a one-layer patch antenna, centered at 3.5 GHz. A 22.66 mm by 20.6 mm metal is 

etched on Rogers 4003C substrate, which is composed of two standard 60 mil Rogers 4003C lami-

nates and a 4 mil RO4450F bondply. A conductive via feeds the antenna from ground layer to patch 

layer. The antenna is excited by a 50 Ohm coaxial SMA connector, accounting for the discontinuity 

from the coaxial cable to the feeding position. Fig. 3.3 depicts the top and side view of the one layer 

antenna. The full Electromagnetic (EM) simulation is performed in ANSYS HFSS. 

As expected, one-layer patch antenna only has 3.4 % fractional bandwidth as the simulated S-

parameter showing in the Fig.3.4. At the center frequency 3.5 GHz the maximum gain is 7 dBi. 
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Fig. 3.3 Top (left) and side view (right) of the one-layer antenna. w=22.6 mm, l=20.6 mm, p=5.8 mm, h=124 

mil.   

  

              (a)                                                                            (b) 
Fig. 3.4 Simulated S-parameter a) and radiation pattern for phi=0 (red) and 90 degree (blue) b) of the single-

layer antenna  

3.1.2 Stacked microstrip patch antenna 

In order to improve the impedance bandwidth, the parasitic layer is added as shown in Fig 3.5. Con-

sidering the ease of fabrication, the same substrate stack-up for the parasitic patch is used and the two 

parts are assembled together. Dimension details can be seen from Fig.3.5. The ground panel size is 55 

mm × 55 mm. 

From the return loss plot of two layer stacked antenna shown in Fig. 3.6, two resonance frequen-

cies, 3.48 GHz and 3.62 GHz, can be recognized clearly. The peak gain at 3.5 GHz is 7.1 dBi. From 

3.3 GHz to 3.7 GHz, the return loss is less than -10 dB. The fractional bandwidth is around 11% 
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Fig. 3.5 Top (left) and side (right) view of Stacked Microstrip patch antenna. Lower patch w1=14 mm, l1 = 20 

mm, p=2.6 mm, h1=120 mil. Upper patch w2 = 17 mm, l2 = 19 mm, h2 = 120 mil. 

 

  

                      (a)                                                                         (b) 

Fig. 3.6 Simulated S-parameter a) and radiation pattern for phi=0 (red) and 90 degree (blue) b) of the stacked 

antenna 

3.2 Wideband high isolation antenna array 

As analyzed in Chapter 2, if a perfectly isolated antenna array is used, the load variation caused by 

mutual coupling will be eliminated in essence. Mutual coupling reduction technique for multi-antenna 

system is an active research topic for the past twenty years. Decoupling networks [28] and neutraliza-

tion lines [29], introducing extra signal coupling at the inputs of antennas, cancel the original mutual 

coupling between two antennas. But the network only deal with the coupling between two ports, and 

itôs difficult and complex to extend the two-port network to a multi-port 2D network. Defected 

ground structures [30] , etching different shape of slots in ground metal, cut the surface current flow 
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induced from coupling, yet the backward radiation may be increased due to the slot leakage. Electro-

magnetic bandgap (EBG) [31] structures or metamaterials [32] take advantage of the band stop char-

acteristics in their frequency response to prohibit the coupling between adjacent antennas. However, 

their periodic structure, and the complicated design parameters, pose large space requirement and de-

sign complexity.  

Inserting parasitic elements [33] between antennas to suppress the surface current from one antenna 

to another is a space-saving and low-cost approach to reduce mutual coupling. But how to make the 

suppression effective for wideband is not straightforward. B. Lakshmi Dhevi and all proposed an 

asymmetric loop resonator in [34]. This asymmetric loop provides two different paths for surface 

wave to cross from one side to the other, ending up with different phase delay and canceling each 

other as shown in Fig.3.7 (a) [34]. The loop is modified with the addition of a capacitive microstrip 

line, which widens the suppression bandwidth of the resonator further as shown in Fig.3.7 (b). The 

loop resonator in Fig.3.7(b) [34], acting as a band stop filter as shown in Fig.3.8 [34], is employed for 

the two by two antenna array design in this thesis. 

Each element is the single wideband antenna designed in the last section and the center to center 

distance is ɚ /2 (ɚ here is the wavelength in free-space for center frequency 3.5 GHz), which is the 

realistic spacing for beamforming application. The two loop resonators are etched between antenna 1, 

2 and 3, 4 on the same layer of upper patch, going along with the E plane as shown in the Fig. 3.10. 

For patch antenna, the coupling parallel with the length is E plane coupling, which is dominated by 

electric field, and the coupling perpendicular to E plane is the H plane coupling, dominated by mag-

netic field. The loop resonators can be used to block the H plane surface wave between antenna 1 and 

2, however based on the simulation, the loop resonator doesnôt help to reduce the E plane coupling. 

Thus only one direction decoupling elements are added. The dimensions of the loop in Fig. 3.9 are the 

following:   ύ= 2.3 mm, ὰ= 40.4 mm, ύ  = 0.5 mm, ὰ =34.6 mm, ύ  = 0.3 mm ὰ = 11 mm, d = 

3.4 mm. 

The S-parameters and radiation pattern with/without loop resonators are plotted in Fig. 3.11. With-

out the loop resonator, H plane coupling Ὓ  and E plane coupling Ὓ   are both around -17 dB. With 

the addition of loop resonator suppressing H plane coupling, Ὓ   is reduced to -21 dB for the entire 

band. For the other direction, Ὓ , remains to be -18 dB ~ -19 dB. The radiation pattern in H plane, 

shown in blue curves in Fig. 3.11 (d), is also affected by the loop resonators and has a little narrower 

beam width than that without loop resonators in Fig. 3.11 (c). 
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(a)                                    (b) 

Fig. 3.7 Evolution of the decoupling unit cell [34]. (a) Asymmetric loop resonator with different loop lengths. 

(b) Wideband loop resonator proposed by [34]  

 

Fig. 3.8 S-parameter characteristics of the loop resonator (Stage 3 corresponding to Fig.3.7a, Proposed corre-

sponding to Fig.3.7b) [34] 

 

Fig. 3.9 Loop resonator dimensions 

 

Fig. 3.10 Top view of two by two antenna array with loop resonators 
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(a) 

 

 (b)  

Fig. 3.11 (a) Simulated S-parameters without loop resonators b) Simulated S-parameters with loop resona-tors. 

c) Simulated radiation pattern without loop resonators for phi=0 degree (red) and 90 degree (blue).d) Simulated 

radiation pattern with loop resonators for phi=0 degree (red) and 90 degree (blue). 
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(c)                                                                           (d) 

As continue of the last page. Fig. 3.11 (a) Simulated S-parameters without loop resonators b) Simulated S-

parameters with loop resonators. c) Simulated radiation pattern without loop resonators for phi=0 degree (red) 

and 90 degree (blue).d) Simulated radiation pattern with loop resonators for phi=0 degree (red) and 90 degree 

(blue). 

With the same design methodology but different substrate stack-up as shown in Fig,3.12 (a), a wid-

er bandwidth and higher isolated two by two antenna array is designed and simulated in HFSS. The 

simulated S-parameters are plotted in Fig.3.12(b). From 3.4 GHz to 3.6 GHz, the designed array has -

28 dB isolation level. However, due to the high fabrication cost of Rogers 5880, only the initial de-

sign based on RO4003C is fabricated. 

In digital beamforming scenario, each RF chain has significantly different signal magnitude and 

phase. Therefore, the active impedance plot should embody this application scenario. In Fig. 3.13, the 

active impedance variations of low isolated array and high isolated array are plotted on the Smith 

Chart from 3.3GHz to 3.7GHz when input phase for element 1 2 3 and 4 are 0, 20, -50, 79 degrees 

respectively. The maximum input stimulus power ratio between elements are set to 0 dB (phased ar-

ray scenario, all chains have the same signal magnitude), 10 dB, 20 dB and 30 dB. For comparison, 

the passive reflection coefficients of one element of the array (since all four elements are the same) is 

also plotted in black. The other four colored curves are active impedances of the two arrays of each 

input. Itôs clearly seen that higher power difference between antenna elements leads to larger expan-

sion in Smith Chart. With high power difference or low isolation level, negative impedance may ap-

pear as shown Fig.3.13 (e), (g), and (h). Improving isolation of the antenna array reduces the active 
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impedance variation. From the point view of investigating load modulation, a highly isolated antenna 

array is incapable to manifest the nonlinearity issue, which usually happens in a normal antenna array. 

Thus the low isolated antenna array is fabricated and used as the device under test. 

 

(a) 

   

(b) 

Fig. 3.12 (a) Rogers 5880 stack-up for highly isolated array (b) S-parameters of highly isolated antenna array 


