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A microstrip rat-race coupler with high isolation and perfect balance is
presented. By modifying March’s rat-race coupler with two additional
short-circuited stubs, the isolation and the amplitude/phase balance of
the proposed coupler improve significantly. The circuit can be easily
fabricated on a single-layer substrate using the conventional printed
circuit board process.

Introduction: Microstrip components play an important role in modern
microwave applications owing to easy integration into the printed circuit
board (PCB). For the rat-race coupler, the size can be reduced and the
bandwidth is increased by replacing the 3l/4 line section with the l/
4 short-ended coupled-line section [1]. Nonetheless, it requires extre-
mely tight coupled lines which are difficult to implement using the
conventional parallel-coupled microstrip lines. In [2] and [3], the
vertically installed planar (VIP) structure and the broadside-coupled
lines using the microstrip and coplanar waveguide (CPW) technology
can achieve tight coupling to realise the rat-race coupler. However, the
former requires special constructions, such as vertically installed
plates, and may not be suitable for microstrip rat-race couplers. The
latter is asymmetric in structure and may not be straightforward to
obtain dimensions. In some applications, high isolation and perfect
amplitude/phase balance are essential. Several works [4–7] have been
reported to deal with these specifications.

In this Letter, a rat-race coupler, which is modified from [1], is
proposed. The perfect amplitude/phase balance as well as the high
isolation can be achieved theoretically for all frequencies. A microstrip
circuit is implemented to verify the theory. Compared to previous
studies, the proposed structure is much simpler, and the isolation and
the amplitude/phase balance are better.
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Fig. 1 Configuration of proposed rat-race coupler

Circuit design: Fig. 1 depicts the proposed circuit and its microstrip
implementation. The coupled-line pair proposed in [8] is adopted to
implement the tightly coupled short-ended coupled-line section of the
proposed rat-race coupler. Two extra short-circuited stubs with the
characteristic impedance equal to the even-mode impedance of the
coupled-line section make the equivalent circuit fully symmetric.
Thereby, infinite isolation at all frequencies and perfect amplitude/
phase balance are obtained for each port excitation as compared to
[4]. Applying the even-odd mode analysis, the S-parameters for the
proposed rat-race coupler are given as follows:

p = cos 2u× (1 + ZCY0e) + sin 2u/ tan u+ jR sin 2u

+ j tan u(cos 2u+ ZCY0e cos 2u+ sin 2u/ tan u)/R

− ( jZ0Y0e cos 2u/ tan 2u) + (2 + ZCY0e)
− jZ0Y0e cos 2u/ tan u+ j(sin 2u− cos 2u/ tan u)/R

− sin 2u tan u+ ZCY0e cos 2u cos 2u

q = − tan u(cos 2u(1 + ZCY0e) + sin 2u/ tan u)/R + R sin 2u

+ Z0Y0e cos 2u/ tan u+ Z0Y0e cos 2u(2 + ZCY0e)/ tan 2u

− sin 2u/R + cos 2u/(R tan u)
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where Z0 is the port impedance (i.e. usually 50 V), ZC is the character-
istic impedance of the three l/4 line sections, u ¼ p/4 at the centre
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frequency, R ¼ ZC/Z0, and Y0e and Y0o are the even- and odd-mode
admittances of the l/4 coupled-line section, respectively. Here, we
choose ZC ¼ 64 V (i.e. corresponding to a return loss of 20 dB at the
centre frequency), Y0e ¼ 0.00465 V21, and Y0o ¼ 0.0359 V21. The
ground plane is patterned to implement the two short-circuited stubs
whose impedances are as high as 215 V. The circuit is fabricated on
the substrate with a dielectric constant of 3.58, a loss tangent of
0.0021, and a thickness of 0.508 mm. Each via-hole has a diameter of
0.3 mm. The full-wave EM simulation software Sonnet is used to
perform the simulation. The rat-race coupler is designed at the centre
frequency of 1.5 GHz. Its dimensions are L1 ¼ 32.5, L2 ¼ 31.45,
L3 ¼ 21.85, L4 ¼ 4.45, L5 ¼ 0.25, LG ¼ 20.15, WS ¼ 0.8, WC ¼ 0.15,
WG ¼ 6.75, W ¼ 0.3, S ¼ 0.2, WR ¼ 4, SR ¼ 1.6, h ¼ 0.508 mm.

Fig. 2 Top view (left side) and bottom view (right side) of fabricated rat-race
coupler
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Fig. 3 In-phase operation (port 1 excitation)

a Insertion losses S21 and S31

b Return loss S11 and isolation S41

c Amplitude and phase imbalances

Measurement: Fig. 2 shows the photograph of the fabricated rat-race
coupler, which has a size of 32.5 × 35.7 mm. For S-port (port 1)
excitation as shown in Fig. 3, at the design frequency of 1.5 GHz, the
measured |S21| and |S31| are 23.252 and 23.377 dB, respectively.
The measured result shows that the return loss and the isolation are
better than 15 and 43.2 dB from 0.951 to 1.98 GHz, respectively,
corresponding to a fractional bandwidth of 70.215%. Over this
frequency range, the measured amplitude imbalance between S21 and
S31 is less than 0.37 dB, and the measured phase difference is
between 20.5658and 0.2348. For D-port (port 4) excitation as shown
in Fig. 4, the measured |S24| and |S34| are 23.4366 and 23.1997 dB
at 1.5 GHz, respectively. The measured return loss and isolation are
better than 15 and 43.2 dB from 0.949 to 2 GHz, respectively. Across
No. 7



this frequency band, the measured amplitude imbalance between S24 and
S34 is less than 0.4265 dB, and the measured phase difference is between
179.228 and 180.98.
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Fig. 4 Out-of-phase operation (port 4 excitation)

a Insertion losses S24 and S34

b Return loss S44 and isolation S14

c Amplitude and phase imbalances

Conclusion: A compact rat-race coupler has been presented using
microstrip line on a single-layer PCB substrate. Benefiting from
the tightly coupled-line structure and the two high-impedance short-
circuited stubs, the proposed rat-race coupler has good amplitude/
ELECTRON
phase balance and high isolation over a wide bandwidth. The proposed
rat-race coupler has a planar structure and is easily realised by the con-
ventional PCB process. Thus, it is very appropriate for microwave
applications.
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