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Abstract— Miniaturized integrated active microstrip patch antenna which operates at 930 MHz is investigated 
theoretically and experimentally. The rectangular patch antenna is loaded by Embedded Split Ring Resonators (ESRR) 
to modify the substrate constitutive parameters. As a result, the engineered substrate works as magneto-dielectric 
substrate which miniaturize the antenna patch up to 70 % compared to a regular non-loaded substrate antenna. The 
miniaturized antenna is then integrated with a transistor based oscillator. The proposed low profile self-oscillating 
antenna can be used as a RF beacon or wireless wave generator for wireless power transmission applications. 

Index Terms— Embedded split ring resonators, miniaturized microstrip antenna, self-oscillating antenna, wireless 
identification, wireless power transmission, Ga-As FET transistor 

———————————————————— 
 

1 INTRODUCTION 
OW profile hand held wireless devices and low 
powerconsumption sensors have attracted a lot of 
attention in recent years. It leads that wireless power 

transmission and charging to become one of the most 
important part of next generation of mobile devices [1]. 

Low cost wireless sensors and wireless identification 
systems are among the inevitable part of Wireless Sensor 
Network (WSN). Active Integrated Antennas (AIAs) are a 
promising circuits to provide RF signals to be used in wireless 
systems when RF power is needed to enhance the 
wirelesstransceivers [2]–[7]. The applications of wireless tags 
and sensors are extensive, for example in [8] it is shown one 
application of RF tags for the crack detection in concrete 
structures which is easier compare to other methods [9].The 
AIA is a self-oscillating antenna which is integrated by an 
oscillator to generate the RF signal in a desired frequency 
band. The antenna acts as the resonator of the oscillator 
andradiate the RF signal. AIAs can be placed in an array to 
form a retrodirective antenna in power spatial combining 
applications [10], [11]. The AIAs have found interests to wake 
up tags to increase the efficiency of the wireless 
communication. 

There are several methods to miniaturize a microstrip 
patch antenna. Using metamaterial structure such as Split 
Ring Resonators (SRRs) or Complimentary SRRs (CSRRs) is a 
promising way to manipulate the constitutive parameters of 
thesubstrate in order to change its electromagnetics 
characteristics and wave propagation regime [12]–[18]. A 
stack of slabs with SRRs provides a magneto-dielectric 
substrate by manipulating its permeability constant  [19], [20]. 

These loaded substratesneed a minimum height to 
accommodate those slabs whichleads to have a bulky 
structure. In [21], for the first time, anEmbedded SRRs 
(ESRRs) were proposed to have ultra-thin magneto-dielectric 
substrate. This embedded resonator can beused to 
miniaturize substrate integrated waveguides [22], or 
toprovide adjustable uniaxial medium to form tunable pass 
orstop bands in filter applications [23]. 

In order to reach a low profile and inexpensive 
activeantenna systems, the antenna miniaturizing techniques 
havebeen investigated recently [24], [25]. The loaded SRRs 
with anexternal capacitor form the radiator and acts as a 
resonator inthe antenna structure. These antennas provide 
omnidirectionalradiation pattern which can be a positive 
aspect for someapplications, however for the configurations 
where a tag mustbe attached on metallic or ground surface, 
directive antennasare more efficient. In [6] a CSRR loaded 
structure is used tominiaturize the AIA. 

In this paper, we proposed a novel ESRRs 
configurationwith interdigital capacitor to reduce the 
frequency resonance.The antenna consists of two layers, 
bottom and top substratelayers. The ESRRs are placed on the 
bottom substrate surface and the patch antenna is on the top 
layer. The dimensions ofthe ESRRs are optimized to have the 
maximum of constitutiveparameters and minimum of the 
magnetic and electric losstangents. It leads the patch antenna 
resonates at a lowerfrequency band compared with a patch 
with conventionalsubstrate and the same size. Each substrate 
height is 0.762 mmwith εr=3and μr = 1. The proposed 
magneto-dielectricsubstrate provides the product constitutive 
parameters equal toaround 12. Thus the size of the antenna is 
reduced up to 70 %compare to non-loaded substrate. The 
antenna is connectedto the Negative Resistance Oscillator 
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(NRO) circuit whichis realized by using a Heterojunction 
GaAs FET transistor. 

The antenna acts as a resonator circuit with specific 
inputimpedance. The active circuit produces RF power for 
theantenna (load) to propagate. 

 

2 MINIATURIZED MICROSTRIP ANTENNA WITH MAGNETO-
DIELECTRIC SUBSTRATE 
The operation frequency of rectangular microstrip patch 

antenna can be obtained approximately by Eq. (1) which is 
shown in [26].  

 

𝑓𝑓𝑟𝑟 =
𝑐𝑐

2(𝐿𝐿 + ℎ)�𝜀𝜀𝑒𝑒𝑓𝑓𝑓𝑓 𝜇𝜇𝑒𝑒𝑓𝑓𝑓𝑓
                                                                        (1) 

 

 
Figure 1: The patch antenna on the magnreto-dielectric 
substrate. 

 
Figure 2: The dimensions of the ESRR unitcell. 

 
where c is the speed of light, L is the length of the patch, h is 
the substrate height, εeff and μeff are the substrate effective 
permability constant and permitivity constant, respectively. 
The effective permeability constant of commercial substrate is 
one. Thus, by increasing the dielectric effective permitivity 
constant, the operation frequency is decreased with the same 
patch size which can be interpreted as miniaturizing the 
antenna. Using high permittivity substrate, increases the Q 
factor. This reduces the antenna radiation efficiency and 
increases the impedance at the edge of the patch which causes 
mismatch impedance at the antenna input port. In addition, 
the high permittivity substrate for microwave circuit is 
expensive. In [20], it is shown that a magneto-dielectric 
substrate with μeff>1 improves the balance of magnetic and 
electric stored energy in the radiator. Thus, the operation 
bandwidth is maintained by miniaturizing the antenna with 
magneto-dielectric substrate. 

Figure 1 shows the proposed magneto-dielectric 
substrate. The proposed ESRRs are placed on the bottom 
dielectric substrate surface. The patch antenna is placedon the 
top layer. The substrates are RO3203 withεeff=3, h=0.762 mm. 
The ESRR consists of two vias connected to the ground in one 

side and to the interdigital capacitor with two narrow strips 
on the other side. Thus, the embedded ESRR structure forms 
an embedded rectangular loop. 

Magnetic fields normal to the surface of the ESRRs, 
induce currents which oscillates at the 𝑓𝑓𝑟𝑟 . The induced current 
produces an equivalent magnetic dipole moment, which 
changes the effective magnetic permeabilityconstant in the 
applied field direction [27]. Here, the patch antenna is placed 
on the top layer and its magnetic fields are perpendicular to 
the ESRRs surface in the dominate mode operation, see Fig.1. 
Thus, if the operation frequency of the patch antenna is 
designed close to the𝑓𝑓𝑟𝑟 , the effective constitutive parameters 
of the ESRR loaded substrate are changed.  

The constitutive parameters of a periodic structure can be 
extracted by applying specific boundary condition to support 
Transvers Electric Magnetic (TEM) wave in Electromagnetics 
(EM) software [28]. The obtained results from this method are  

 
(a) 

 
(b) 

Figure 3: The effective constitutive parameters for different (a) 
li, (b) larm  values. The solid lines are μ'(y)eff, the dotted lines are 
ε'(z)eff, the dot-dashed lines are μ''(y)eff and the dashed lines 
are ε''(z)eff. 
 

highly accurate even if the whole structure is not excited by a 
pure TEM wave, since the unitcell size is small compare to the 
operation wavelength [19, 21, 22]. The proposed ESRR unit 
cell is shown in Fig. 2.  

The ESRRs dimensions determine the resonance 
frequency. The unitcell is simulated in HFSS to calculate its S-
parameters. By using the S-parameter and the length of the 
unitcell𝑙𝑙𝑐𝑐𝑒𝑒𝑙𝑙𝑙𝑙 , the effective dielectric permittivity and magnetic 
permeabilityare extracted by using the method introduced in 
[28]. Since, the permittivity and permeability constant are 
determined by electric and magnetic fields respectively, the 
extracted constitutive parameters are in the direction of each 
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field. Thus, the constitutive parameters in other direction can 
be assumed as same as the substrate parameters.  

The constitutive parameters show a resonance behavior 
which is investigated for SRR structure in [27] as following:  

𝜇𝜇𝑒𝑒𝑓𝑓𝑓𝑓𝑧𝑧 = 1 −
𝑓𝑓𝑚𝑚𝑚𝑚2 − 𝑓𝑓0

2

𝑓𝑓2 − 𝑓𝑓0
2 − 𝑗𝑗𝑗𝑗𝑓𝑓

                                                                    (2) 

Where, 𝑓𝑓𝑚𝑚𝑚𝑚 is the magnetic plasma frequency (in the 
lossless case,𝜇𝜇𝑒𝑒𝑓𝑓𝑓𝑓𝑧𝑧 = 0), f0 is the resonance frequency of the 
ESRR, and γ models losses. The equivalent magnetic dipole of 
ESSR is the reason of the effective dielectric permittivity 
variations. In [27] it is shown that when a parallel electric 
field illuminates a periodic array of metallic wires, the 
equivalent electrical dipole is generated. The ESRRs vias are 
parallel to the electric field and change the 𝜀𝜀𝑒𝑒𝑓𝑓𝑓𝑓𝑧𝑧 either. Thus 
there is also a variation in the dielectric permittivity constant.  

The goal is that the magneto-dielectric substrate reaches 
to the maximum value of 𝜇𝜇𝑒𝑒𝑓𝑓𝑓𝑓′ × 𝜀𝜀𝑒𝑒𝑓𝑓𝑓𝑓′ at f=930 MHz with 
minimum losses to achieve the smallest patch size with the  

 
Figure 4: The miniaturized microstrip antenna, the 
embedded resonator is in the middle layer beneath the 
patch antenna. 

 
(a) 

  
(b) (c) 

Fig. 5: (a) The return loss of the antenna, (b) the normalized 
radiation pattern in H-plane (c) and E-plane. The solid blue 
lines are simulation and short dashed balk ones are 
measurement. 

 
maximum radiation efficiency and bandwidth. There are 
several parameters to adjust the frequency response of the 
ESRRs. To investigate the frequency response of the proposed 
ESRR, the effective permittivity constant in the z direction 
𝜀𝜀𝑒𝑒𝑓𝑓𝑓𝑓𝑧𝑧 and the effective permeability constant in the y direction 
𝜀𝜀𝑒𝑒𝑓𝑓𝑓𝑓
𝑗𝑗 is extracted from the simulated S-parameters of the unit 

cell for different dimensions. 
The unitcell dimensions in mm are as following:𝑙𝑙𝑐𝑐𝑒𝑒𝑙𝑙𝑙𝑙 =

33,𝑤𝑤𝑐𝑐𝑒𝑒𝑙𝑙𝑙𝑙 = 3, 𝑙𝑙𝑖𝑖 = 10, 𝑙𝑙𝑎𝑎𝑟𝑟𝑚𝑚 = 10, 𝑤𝑤𝑐𝑐 = 2 and𝑟𝑟𝑣𝑣𝑖𝑖𝑎𝑎 = 0125. Figure 

3 shows the 𝜀𝜀𝑒𝑒𝑓𝑓𝑓𝑓
′(𝑧𝑧) , 𝜀𝜀𝑒𝑒𝑓𝑓𝑓𝑓

′′ (𝑧𝑧),𝜇𝜇𝑒𝑒𝑓𝑓𝑓𝑓
′(𝑗𝑗)and 𝜇𝜇𝑒𝑒𝑓𝑓𝑓𝑓

′′ (𝑗𝑗)as the real and imaginary 
parts of the constitutive parameters for different values of li, 
andlarm while the other dimensions are fixed. As can be seen 
in Fig. 3(a) and Fig. 3(b), the resonance frequency of the ESSR 
increases by decreasing the length of the li or larm. 

This is predictable since by shorting the length of li 
andlarm, the associated inductor and capacitor decreases, 
respectively, results in 𝑓𝑓0 increase. 

We are interested to work in region below resonance 
frequency of ESRR, 𝑓𝑓0, since the electric and magnetic loss 

tangents𝑡𝑡𝑎𝑎𝑡𝑡𝑡𝑡𝑒𝑒 =
𝜀𝜀𝑒𝑒𝑓𝑓𝑓𝑓
′′ 𝑧𝑧

𝜀𝜀𝑒𝑒𝑓𝑓𝑓𝑓
′ 𝑧𝑧  , 𝑡𝑡𝑎𝑎𝑡𝑡𝑡𝑡𝑚𝑚 =

𝜇𝜇𝑒𝑒𝑓𝑓𝑓𝑓
′′ 𝑗𝑗

𝜇𝜇𝑒𝑒𝑓𝑓𝑓𝑓
′ 𝑗𝑗 are high at the resonance 

frequency, which reduce the radiation efficiency dramatically. 
It should be noticed that at 𝑓𝑓 > 𝑓𝑓0 we have𝜇𝜇𝑒𝑒𝑓𝑓𝑓𝑓𝑟𝑟 < 0, which 
leads to form a lossy media for wave propagation in the 
substrate. The antenna is optimized to resonate at 930 MHz 
by tuning the size of the ESRR around the highest value of the 
constitutive parameters. The inserted gap along  

 
 

with the matching circuit are optimized to reach the 
minimized patch size with the best performance. 

The proposed microstrip patch antenna with magneto-
dielectric substrate is simulated and fabricated, see Fig. 4. The 
dimensions of the miniaturized patch antenna are 𝑌𝑌𝑚𝑚 =
47.35 𝑚𝑚𝑚𝑚and𝑋𝑋𝑚𝑚 = 64.3 𝑚𝑚𝑚𝑚 to operate at 930 MHz. The 
dimensions of a patch antenna on the un-loaded substrate 
would be𝑌𝑌𝑚𝑚 = 94 𝑚𝑚𝑚𝑚 and𝑋𝑋𝑚𝑚 = 116 𝑚𝑚𝑚𝑚. Thus, the patch area 
of the miniaturized antenna in only 28 % of the conventional 
antenna at 930 MHz. In another word, by using Eq. (1), the 
value of𝜀𝜀𝑒𝑒𝑓𝑓𝑓𝑓′ ×  𝜇𝜇𝑒𝑒𝑓𝑓𝑓𝑓′ = 11.5 for the magneto-dielectric 
substrate which is around four times of the unloaded 
substrates. The 𝑆𝑆11 parameter and the antenna radiation 
pattern are measured and shown in Fig. 5. The dimensions of 
the miniaturized antenna compared with a conventional 
antenna are gathered in Table. I.  

 
3 ACTIVEINTEGRATED ANTENNA 

The antenna can be used as the resonator in the feedback loop 
to satisfy Barkhausencriterion [3, 6, 7, 24, 25] or connected to the 
active device with negative input impedance [4, 11,29].  

In this paper, we integrated the proposed miniaturized 
antenna in UHF band with a negative resistance transistor based 
oscillator. The negative resistance circuits are used extensively in 
RF and microwave frequency oscillators [30]. 

The input impedance of the negative resistance circuit 
𝑍𝑍𝑖𝑖𝑡𝑡𝑁𝑁𝑁𝑁𝑁𝑁(𝑤𝑤) is connected to the antenna input impedance 
𝑍𝑍𝑖𝑖𝑡𝑡𝐴𝐴𝑡𝑡𝑡𝑡𝑒𝑒𝑡𝑡𝑡𝑡𝑎𝑎 (𝑤𝑤), Fig. 6. From [29], the circuit oscillates at 𝑤𝑤0 if: 
𝑍𝑍𝑖𝑖𝑡𝑡𝐴𝐴𝑡𝑡𝑡𝑡𝑒𝑒𝑡𝑡𝑡𝑡𝑎𝑎 (𝑗𝑗𝑤𝑤0) + 𝑍𝑍𝑖𝑖𝑡𝑡𝑁𝑁𝑁𝑁𝑁𝑁(𝑗𝑗𝑤𝑤0) = 0                                                         (3) 
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If the sum of the real part of Eq. (3) is larger than 
zero(𝑁𝑁𝑖𝑖𝑡𝑡𝐴𝐴𝑡𝑡𝑡𝑡𝑒𝑒𝑡𝑡𝑡𝑡𝑎𝑎 (𝑗𝑗𝑤𝑤0) + 𝑁𝑁𝑖𝑖𝑡𝑡𝑁𝑁𝑁𝑁𝑁𝑁(𝑗𝑗𝑤𝑤0) > 0) , the load power 
consumption is larger than the produced energy and oscillation 
will die out. In the other hand, if𝑁𝑁𝑖𝑖𝑡𝑡𝐴𝐴𝑡𝑡𝑡𝑡𝑒𝑒𝑡𝑡𝑡𝑡𝑎𝑎 (𝑗𝑗𝑤𝑤0) + 𝑁𝑁𝑖𝑖𝑡𝑡𝑁𝑁𝑁𝑁𝑁𝑁(𝑗𝑗𝑤𝑤0) < 0, 
the circuit is unstable and the amplitude will be increased until 
the circuit is saturated. 

The negative input impedance can be realized by gunn 
diodes [4, 11], tunnel diodes [29] or transistors [2]. The DC power 
consumption of gunn diode is high which is not good for low 
profile systems with limited power source. The tunnel diodes are 
almost discontinued from production and their input power is 
highly restricted due to their very low DC bias point [31]. Here, 
we used a Hetrojuction GaAs FET transistor in common source 
mode to generate the negative input impedance. 

To design the active circuit in order to satisfy the oscillation 
condition, the transistor must be in potentially unstable region. 
In [30], the unstability circles condition in order to maintain the 
input reflection coefficient (𝛤𝛤𝑖𝑖𝑡𝑡 ) and output reflection coefficient 
(𝛤𝛤𝑜𝑜𝑜𝑜𝑡𝑡 ) larger than one is investigated. The reflection coefficient 
larger  

 

Figure 6: The circuit model of negative resistance oscillator 
which is connected to the antenna as a resonator and radiator. 

(a) 

(b) 
Figure 7: (a) The active circuit with negative input impedance. 

(b) The simulated input impedance of the active circuit and the 
antenna. 

 
than one means the real part of the input impedance is 

negative.  
These instability criteria are at the outside of the stability 

circles for stable amplifier design which have been discussed in 
[32]. 

We have used a HJ GaAs FET transistor from NEC with 
3509M04 part number as a super low noise figure transistor.The 
stability factor K of 3509M04 is checked and K<1, which means 
the transistor is potentiality unstable. There are some values for 
the load termination which make 𝛤𝛤𝑖𝑖𝑡𝑡 > 1.  

Figures 7a  show the schematic of the active negative 
resistance circuit and the proposed antenna simulated in ADS, 
respectively. In order to set the DC bias point of a FET transistor, 
the gate voltage must be negative with respect to the source 
voltage (VGS<1). This condition can be obtained by using a 
resistor in the source in DC mode and bypass it with a large 
capacitor in AC mode. In addition, the gate is connected to 
theground with a high impedance resistor [32]. The input 
impedance of the active circuit and the miniaturized antenna are 
illustrated in Fig. 7b. 

As can be seen in Fig.7c, the input impedance of the antenna  

 
Figure 8: The circuit block diagram of the proposed AIA. 
 

Figure 9: The output oscillation voltage of the AIA. 
 
is 𝑍𝑍𝑖𝑖𝑡𝑡𝐴𝐴𝑡𝑡𝑡𝑡𝑒𝑒𝑡𝑡𝑡𝑡𝑎𝑎 = 26 + 𝑗𝑗25.5 and the input impedance of the 

active circuit is𝑍𝑍𝑖𝑖𝑡𝑡𝑁𝑁𝑁𝑁𝑁𝑁 = −14 + 𝑗𝑗1.5. From Eq. (3), the sum of the 
input impedance of the antenna and circuit must be zero for the 
steady state oscillation condition. 

In [30] it is shown that a high rate of success up condition for 
starting up the oscillation is as following: 

 
𝑋𝑋𝑖𝑖𝑡𝑡𝐴𝐴𝑡𝑡𝑡𝑡𝑒𝑒𝑡𝑡𝑡𝑡𝑎𝑎 + 𝑋𝑋𝑖𝑖𝑡𝑡𝑁𝑁𝑁𝑁𝑁𝑁 = 0,   𝑁𝑁𝑖𝑖𝑡𝑡𝐴𝐴𝑡𝑡𝑡𝑡𝑒𝑒𝑡𝑡𝑡𝑡𝑎𝑎 = |𝑁𝑁𝑖𝑖𝑡𝑡𝑁𝑁𝑁𝑁𝑁𝑁 |/3   (6) 

 
Where Xin and Rin represent the input reactance and 

resistance. Figure 8 shows the proposed active integrated 
antenna block diagram simulated in ADS. The input impedance 
of the antenna is matched to the start-up oscillation condition by 
using a matching network which is shown in this figure. Thus, 
Zinsatisfies the steady state oscillation. The output voltage of the 
active integrated antenna is calculated by harmonic balance 
simulator by ADS. The output wave form is shown in Fig. 9.  
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The proposed AIA with miniaturized antenna is oscillating 
now in 930 MHz which can be used as RF beacon or wireless 
power transmission. By using adjustable oscillator with tunable 
antenna such as proposed in [33], a reconfigurable AIA is 
achievable. 
4 CONCLUSION 
An active integrated antenna with miniaturized microstrip 
patch antenna and active oscillator circuithas been presented 
in this article. The ESRR have been used to change the 
constitutive parameter of a dielectric substrate. As a results, 
the loaded dielectric substrate is a magneto-dielectric 
structure. The antenna on the proposed magneto-dielectric 
substrate has been miniaturized up to70 % compare with a 
patch antenna on the unloaded dielectric substrate. 
This miniaturized antenna has been used as the radiator in an 
AIA system. The AIA system has been realized by using a 
transistor base circuit to provide negative input resistance. 
The low profile proposed AIA can be used in wireless power 
transmission system or wireless identification applications in 
UHF band.   
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