
The PAE and output power of this PA module are measured as
a function of the third-stage gate bias, as shown in Figure 10. From
the figure, the output power increases as the gate-bias voltage
increases, while the PAE decreases with an increasing gate bias.

5. CONCLUSION

In this paper, a modified level-3 technique has been presented for
the nonlinear modeling of an RF LDMOS FET. This method takes
advantage of a fast and easy modeling process. The design of the
PA module uses the extracted parameters, which allows us to
verify a large-signal analysis. The measurement results of the
output power for the designed PA module are 30.3 dBm with PAE
of 64% at 880 MHz.

The LDMOS PA module presented in this paper introduces
techniques, such as HTN and WTN, to accomplish the proper
optimization between output power and PAE.
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ABSTRACT: A six-port reflectometer constructed from a 0°/180°
microstrip-ring coupler is presented. Three different constructions
are given with their optimum positions of the q-point. One of these
constructions is realized on an RT/Duroid 5880 at 3 GHz. Good
agreement with the measurements obtained using a vector network
analyzer is found. © 2004 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 40: 167–170, 2004; Published online in Wiley Inter-
Science (www.interscience.wiley.com). DOI 10.1002/mop.11318

Key words: six-port reflectometer; microstrip ring coupler; calibration;
reflection coefficient measurements

1. INTRODUCTION

The six-port reflectometer, an inexpensive alternative to the net-
work analyzer, is a simple device that does not need high-precision
components and requires only power meters in order to measure
complex impedances (see Fig. 1). The six-port reflectometer al-
lows the phase and magnitude of an unknown complex impedance
to be measured directly at the operating frequency (in terms of
power measurement alone) by using a calibrating procedure. From
the scalar measurements taken by the four power detectors, a circle
in the �-plane is associated with each PK/P2 (k � 1, 3, 4) power
ratio (see Fig. 2), and the solution is given by the (ideally) common
intersection of the three circles derived from the measured data [1].
There are different methods to implement the six-port reflectome-
ter, such as using two directional couplers and two voltage probes
[2], and using three-coupled lines (coaxial lines, stripline,
waveguide, or microstrip lines) [3, 4]. Another way is by using a
five-port junction (ring or disc) and a directional coupler [5]. Many
six-port reflectometers have been realized by using quadrature
hybrids and directional couplers [6], but only a few use the 0/180°
ring coupler [7], where only a single construction and a single
solution are described for the locations of the q points (center
points of the circles that describe the power ratios).

In fact, some reflectometers utilizing the hybrid coupler yielded
nonideal uniform distribution of the q points such that their loca-
tions were described as [7]:

Figure 1 Six-port reflectometer

Figure 10 PAE and output power as functions of gate-bias voltage
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com]
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● 90°, 90°, and 180° for the first generation of the six-port
reflectometer proposed in [8];

● 90°, 135°, and 135° for reflectometer adopted in [9];
● 110°, 125°, and 125° for the improved design in [10]

In this paper, the analysis and design of the six-port reflecto-
meter, which is constructed from four 0/180° microstrip ring
couplers, are given. Three constructions for the six-port reflecto-
meter are obtained with their different q points. As an example, the
third construction was realized on an RT/Duroid 5880 at 3-GHz
center frequency using a photolithographic technique and thin-film
technology. The third construction’s calibration and application for
measuring different unknown impedances will be clarified in the
following sections.

2. ANALYSIS

By using four conventional 0/180° couplers, as shown in Figure
3(a), the power equations related to the power-ratio reading of the
six-port reflectometer will not achieve the required position of the
q values. To overcome this problem, Eng et al. [7] suggest a
solution that involves adding an electrical length � to only two
arms of the four ring coupler [Fig. 3(b)], so that the S parameters
of the modified ring coupler will take the following form:

S �
�j

�2 �
0 0 e�j� e�j2�

0 0 �1 e�j�

e�j� �1 0 0
e�j2� e�j� 0 0

�. (1)

In fact, three constructions were made in order to realize the
six-port reflectometer. Eng et al. [7] describe only one construction
with only one solution. Here, we represent three constructions,
each with two solutions. In all three constructions, we use four

modified ring couplers, short circuits (SCs), and (possibly) a
matched load (ML). Also, in all these constructions, the ring
couplers are separated from each other by �/2, while the short
circuits, matched load, and device under test (DUT) are �/2 away
from the ring couplers. The power detectors are �/4 away from the
ring couplers.

2.1. Construction 1
This construction consists of four ring couplers with two SC
terminations, as shown in Figure 4. By using the transmission-line
method, and after some mathematical manipulations, the power
ratios at the measured ports are given by

P1 �
pDet.1

pRef. Det.
�

�1 � cos 2��

4�1 � cos 2��
��L �

2ej4�

1 � e�j2��2

, (2.1)

P2 �
pDet.2

pRef. Det.
�

�1 � cos 2��

4
��L �

2ej2�

1 � e�j2��2

, (2.2)

P3 �
pDet.3

pRef. Det.
�

�1 � cos 2��

4�1 � cos 2��
��L �

2

1 � e�j2��2

. (2.3)

Eng et al. [7] choose � � 60° for such a construction, so that the
locations of the q points are (�60°, 180°, 60°) and the q values are
equal (�q1� � �q2� � �q3� � 2). In fact, another solution was
found by taking � � 45°, so that the locations of the q points are
(�135°, �135°, 45°) and the q values are equal (�q1� � �q2� �
�q3� � �2). The last solution has a smaller size than that in [7];
also, the positions of the q points are near to the origin, and hence
the intersection of the three circles that represent the power ratios
are improved.

2.2. Construction 2
This construction consists of four ring couplers with two SC
terminations, while the DUT and source ports are outside the
construction and thus easily can reach the feed source and connect
to the DUT (see Fig. 5). By using the same procedure, the power
equations are as follows:

P1 �
�1 � cos 2��

4�1 � cos 2��
��L �

2ej2�

1 � e�j2��2

, (3.1)

P2 �
�1 � cos 2��

4
��L �

2

1 � e�j2��2

, (3.2)

P3 �
�1 � cos 2��

4�1 � cos 2��
��L �

2e�j2�

1 � e�j2��2

. (3.3)

Figure 2 Common intersection point in the complex �-Plane

Figure 3 (a) Conventional ring coupler; (b) modified ring coupler

Figure 4 Six-port reflectometer (construction 1)
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When choosing � � 45°, the locations of the q points are (135°,
�45°, �45°) and the q values are equal (�q1� � �q2� � �q3� �
�2). Also, when choosing � � 60°, the locations of the q points
are (180°, 60°, �60°) and the q values are equal (�q1� � �q2� �
�q3� � 2). Both solutions have equal q values and are uniformly
distributed around the origin.

2.3. Construction 3
This construction is shown in Figure 6. It is clear that both the
source and the DUT ports are outside the construction and only
one detector is inside the construction. Similarly, the power rela-
tions will be as follows:

P1 �
�1 � cos 2��

8
��L �

e�j2��1 � e�j2��

e�j2� � 1
�2

, (4.1)

P2 �
1

8
��L � e�j�2�����2, (4.2)

P3 �
�1 � cos 2��

8
��L �

e�j2��e�j2� � 1�

1 � e�j2� �2

. (4.3)

When choosing � � 45°, the locations of the q points are (0°, 90°,
and 180°) and the q values are equal (�q1� � �q2� � �q3� � 1).
Also, when choosing � � 60°, the locations of the q points are
(�30°, 60°, 150°), but the q values are not equal (�q1� � 0.577,
�q2� � 1, �q3� � �3). Both solutions are uniformly distributed
around the origin, while only one of them has equal q values.

3. DESIGN AND SIMULATION

As an example, construction 3 (with � � 45°) is designed on an
RT/Duroid 5880 (�r � 2.2, H � 0.7874 mm) at 3-GHz center
frequency. The geometrical dimensions of the ring coupler are

Warms � 2.4255 mm Wring � 1.3852 mm, each ring’s mean
radius is 10.634 mm, and the interconnection line between the two
rings is �/2 � 36.552 mm (see Fig. 7). First, an IE3D simulator
(Zeland, Inc.) is used to simulate the six-port reflectometer (the S
parameters are shown in Fig. 8), while the DUT port is connected
to a perfectly matched load. From Figure 8, it is clear that there is
a very good isolation between the DUT port and the reference
detector port (this is one of the design objectives of the reflecto-
meter system), so that the reading provided by the reference port
will be proportional to the power incident on the DUT port [7].

4. CALIBRATION

The above equations (Eqs. 2, 3 and 4) can be rewritten in the form:

P1 � �A�2��L � B�2

P2 � �C�2��L � D�2

P3 � �E�2��L � F�2. (5)

Figure 5 Six-port reflectometer (construction 2)

Figure 6 Six-port reflectometer (construction 3)

Figure 7 Realized six-port reflectometer [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]

Figure 8 Simulated S parameters of the realized six-port reflectometer
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P1–P3 are the power ratios, while A, C, and E are three real
calibration constants, and B, D and F are three complex calibration
constants, so there are nine unknowns. The purpose of the cali-
bration is to calculate these unknowns (calibration constants). By
using three positions of a sliding short circuit with a matched load
(calibration procedure [4, 11]), the above unknowns are obtained.
When an unknown impedance is connected to the DUT port, the
power reading at the four detector ports will represent three circles
in a complex �-plane. The intersection point of these three circles
will give the reflection coefficient magnitude and phase (see Fig.
2). In fact, the intersection of the three circles in one point is
theoretical, because real systems are not stable, so the related
geometrical configurations never have a single intersection points.
By considering the intersection region as a triangle, we have
different solutions such as: the intersection point of the medians of
the triangle, the intersection point of the perpendicular bisectors of
the triangle sides, the intersection points of the bisectors of the
triangle interior angles, the intersection point of the three altitudes
of the triangle, and so on.

5. MEASUREMENT AND RESULTS

The above-realized six-port reflectometer was first calibrated in
order to calculate the calibration constants. Then it was used to
measure the reflection coefficient of different unknown imped-
ances (especially different positions of sliding SCs) and good
agreement with the measurements of the vector network analyzer
(Agilent 8719ES), with error not exceeding 2.5% in magnitude and
�3° in phase in the operating range 2.67–3.25 GHz, was obtained.
Table 1 illustrates some measurements at the 3-GHz center fre-
quency. A shift of 40 MHz in the center frequency was found, due
to the mismatch of the intersection lines that connect the ring
couplers to each other and some tolerance in fabrication.

In fact, the overall dimensions of the realized six-port reflec-
tometer is around 10 	 10 cm, which is very large. To reduce the
size, we can use modified ring couplers [12], which are only 15%
of the conventional ring coupler’s size, and replace the intersection
between couplers by its corresponding T or 
 junctions [12].
Currently, some trials are being conducted in which no detectors
are inside the construction and this design problem is under study.

6. CONCLUSION

A six-port reflectometer constructed from a 0°/180° ring coupler
has been presented. Three different constructions with their q
positions are given. One of these constructions was realized on an
RT/Duroid 5880 at 3-GHz center frequency. The realized six-port
reflectometer was first calibrated and then used to measure the
reflection coefficient of different unknown impedances. The six-
port reflectometer was in good agreement with the measurements
of the vector network analyzer (Agilent 8719ES), especially in the
microwave range 2.67–3.25 GHz.
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ABSTRACT: In this paper, a compact antenna operating in the GSM/
DCS/PCS/IMT2000 quad-bands is presented. By bending the meandered
monopole into three equal and perpendicular sections, then coupling the
bent monopole with another strip monopole antenna, the designed novel
antenna covers the required bandwidths of GSM (890–960 MHz), DCS
(1710–1880 MHz), PCS (1850–1990 MHz) and IMT2000 (1900–2025
MHz). © 2004 Wiley Periodicals, Inc. Microwave Opt Technol Lett 40:
170–172, 2004; Published online in Wiley InterScience (www.interscience.
wiley.com). DOI 10.1002/mop.11319

TABLE 1 Comparison Between Measurements of the
Realized Six-Port Reflectometer and Vector Network Analyzer
(Agilent 8719ES) at F � 3.0 GHz

Load Type Six-Port Reflectometer Vector Network Analyzer

Sliding load 0.005213 � 120° 0.005113 � 127.5°
Sliding short circuit 0.982100 � 129° 0.972105 � 131°

0.932710 � �16.57° 0.9335160 � �15.0°
0.892357 � 29.65° 0.910025 � 27.5°
0.965231 � �44.12° 0.970251 � �45.2°
0.922518 � �145.3° 0.935287 � �146.7°
0.91878 � 217.86° 0.932850 � 220.12°
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