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Abstract— The improved version of a broadband planar 

magic-T using microstrip-slotline transitions is presented. The 
design implements a small microstrip-slotline tee junction with 
minimum size slotline terminations to reduce radiation loss. A 
multi-section impedance transformation network is used to 
increase the operating bandwidth and minimize the parasitic 
coupling around the microstrip-slotline tee junction. As a result, 
the improved magic-T has greater bandwidth and lower phase 
imbalance at the sum and difference ports than the earlier magic-
T design. The experimental results show that the 10 GHz magic-
T provides more than 70% of 1-dB operating bandwidth with the 
average in-band insertion loss of less than 0.6 dB. It also has 
phase and amplitude imbalance of less than ±1° and ±0.25 dB, 
respectively.  
 

Index Terms—Microstrip circuits, passive circuits, power 
combiners, power dividers, slotline transitions.  
 

I. INTRODUCTION 
magic-T is a four-port junction. In an ideal case, it is 
lossless and has a sum (H) port and a difference (E) port 

that allow incident signals from ports 1 and 2 to be combined 
or subtracted with a well-defined relative phase. See Fig. 1. 
Structures approximating these ideal properties have been 
widely used as an element in correlation receivers, frequency 
discriminators, balanced mixers, four-port circulators, 
microwave impedance bridges, reflectometers [1] and etc.  

A magic-T requires components that are less dependent on 
transmission phase delay to perform as in-phase and out-of-
phase combiners. Structures with high physical symmetry are 
often used in the magic-T design to produce broadband 
response with low phase and amplitude imbalance. Symmetry 
at H port is simple to obtain using microstrip line [2] or co-
planar waveguide (CPW) [3]. Whereas, symmetry at E port is 
simple to implement using slotline [4] or mode-conversion 
techniques using slotline structures [4, 5, 6, 7].  

On the other hand, magic-Ts with no physical symmetry at 
H or E ports require coupled lines [8] or left-handed elements 
[9]   to  compensate   for   phase   variations.  These magic-Ts 
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Fig. 1. The improved broadband magic-T using microstrip-to-slotline 
transitions. 

can produce broadband response with some tradeoffs in high 
phase imbalance.  

Although the symmetric magic-Ts using the slotline 
structure have broadband power combining response, their 
insertion loss, return loss, size and fabrication complexity can 
limit their usefulness. The total slotline area in these magic-Ts 
can be large and susceptible to slotline radiation which results 
in high insertion loss. In addition, magic-Ts using CPW-
slotline transition require airbridges to prevent the excitation 
of undesired modes, which result in extra fabrication steps.  

The previously proposed magic-T using microstrip-slotline 
transitions [7] produces a broad in-phase combining 
bandwidth using a small slotline area to minimize in-band 
loss. However, it has a narrowband port 1-2 isolation and port 
E-E return loss response. In addition, it is sensitive to 
microstrip and slotline misalignment. This is due to (1) the 
limited number of sections of quarter-wavelength (λ/4) 
impedance transformers used to match all four ports, and (2) 
the strong parasitic couplings presented at the microstrip-
slotline tee junction where four microstrip lines and a slotline 
are combined. The improved broadband magic-T design, 
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discussed in this paper, introduces the new microstrip ring 
structure that minimizes parasitic couplings at the microstrip-
slotline tee junction, and simultaneously enhances the return 
loss at ports 1, 2 and E and results in a small phase mismatch. 
The optimal design of the new structure also increases the 
overall bandwidth significantly.  

II. CIRCUIT CONFIGURATION 
The improved structure, as shown in Fig. 1, consists of two 

sections, namely a magic-T and a compact microstrip-slotline 
transition. The microstrip-slotline transition section has been 
studied in [7, 10]. This paper focuses on the new approach in 
designing the magic-T section to simultaneously realize 
broadband return loss and isolation. The full magic-T 
transmission line model is also introduced. In addition, the 
practical upper limit of the magic-T operating bandwidth, 
designed following this approach, is derived.      

The magic-T section in Fig.1 consists of quarter-
wavelength (λ/4) microstrip lines connected in a ring con-
figuration. The top section of the ring, above ports 1 and 2, 
consists of two λ/4 lines with the characteristic impedance of 
Z1. It is used as an in-phase combiner with the output port H 
between two Z1 lines. The bottom section of the ring contains 
two pairs of λ/4 lines. Each pair contains two microstrip lines 
with the characteristic impedances of Z2 and Z3 connected in 
series. These lines are used to transform the microstrip to the 
slotline with the characteristic impedance of Zsl, and produce 
the microstrip-slotline tee junction at the center of the 
structure. The Zsl line is terminated with two slotline stepped 
circular rings (SCRs) at both ends [10] to provide broadband 
virtual open. Finally, the slotline output is transformed to a 
microstrip output at port E using a microstrip-slotline 
transition. The magic-T is analyzed in both odd and even 
modes up to the slotline Zsl section, as shown in Fig. 2(a) and 
2(b), respectively.  

 
Fig. 2. (a) The odd-mode and (b) the even-mode electric field and current flow 
in the proposed magic-T and in the microstrip-slotline tee junction at A-B.   

In the odd mode, the signals from port 1 and port 2 are out 
of phase. This creates a microstrip virtual ground plane along 
the Y-axis of the magic-T and at port H as shown in Fig. 2(a). 
The slotline SCR termination connected to the slotline Zsl 
allows microstrip-to-slotline mode conversion to occur as 
indicated by electric field and current directions around the 
cross-section A-B.   

In the even mode, the signals from port 1 and port 2 are in- 
phase, thus creating a microstrip virtual open along the Y-axis 
of the magic-T as shown in Fig. 2(b). Electric-fields in the 
slotline at cross-section A-B are canceled, thus creating a 
slotline virtual ground that prevents the signal flow to or from 
port E by symmetry.  

A. Magic-T Circuit Model 
The magic-T can be studied using the odd and even modes 

circuit analysis [7]. By using this analysis and ignoring 
parasitic reactance due to step in line width, we construct the 
full circuit model as shown in Fig. 3. This model 
approximates the magic-T’s response around the center 
frequency f0.  

In the odd mode, the port H becomes a virtual ground. 
Using a λ/4 transformation through Z1 line, the virtual ground 
becomes an open at port 1 and port 2, both of which have a 
characteristic impedance of Z0. To match the impedance at 
these ports, λ/4 transmission lines - Z2 and Z3 - are used to 
transform Z0 to the slot line impedance of n2Zsl/2, where n is 
the microstrip-slotline transformer ratio. In the single mode 
limit, n is dependent on the substrate thickness, the 
transmission line characteristic impedance and the microstrip-
slotline physical alignment [11]. The general equation relating 
Z0, Z2, Z3, and Zsl can be expressed at f0 as follows. 
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It is desirable that n2Zsl/2 equals Z0 to eliminate the 

discontinuity of microstrip lines (i.e. Z2=Z3). However, in the 
fabrication process, typically, the value Zsl is limited by the 
allowable minimum slot width and the substrate thickness. To 
minimize the radiation loss of the transition, we employ the 
minimum achievable slotline width (Wsl) of 0.1 mm on the 
0.25 mm-thick Roger’s Duroid 6010 substrate. This slotline 
width corresponds to a Zsl magnitude of 72.8 Ohm.    

In the even mode, port E becomes a virtual open and it is 
half-wavelength transformed to an open at port 1 and port 2. 
Therefore, there is no constraint on the values Z2 and Z3 in this 
mode at f0. Moreover, port 1’s and port 2’s impedances are 
transformed to 2Z0 at port H using the Z1 line. The general 
solution can be obtained as follows 

 
                                            01 2ZZ = . (2) 

B. Microstrip and Slotline Transition Terminations 
The microstrip-slotline transition in the magic-T requires 

proper terminations to maintain broad mode-conversion at the 
microstrip-slotline tee junction and at E port. The slotline SCR 
and the microstrip stepped impedance open stub terminations 
are used in this section due to its broadband characteristics. In 
addition, the slotline SCR is more compact and has lower 
radiation loss than many conventional slotline terminations.  

 The slotline SCR is modeled using three transmission lines 
Zsl0, Zsl1 and Zsl2 with electrical lengths of θ0, θ1 and θ2, 
respectively [10]. These values correspond to the physical 
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widths and lengths of Ws0, Ws1 and Ws2, and Ls0, Ls1 and Ls2, 
respectively.  

The microstrip stepped impedance open stub is modeled 
using two transmission lines Zt1 and Zt2 with electrical lengths 
of θt1 and θt2, respectively. These values correspond to the 
physical widths and lengths of Wt1 and Wt2, and Lt1 and Lt2, 
respectively. The termination models shown in Fig. 3 can  be 
used to accurately determine their frequency responses [10] 
with the circuit parameter values are provided in Table I. 

 
TABLE I  

THE CIRCUIT PARAMETERS AT 10 GHZ USED IN THE MAGIC-T DESIGN ON 
0.25 MM-THICK ROGER’S DUROID 6010 SUBSTRATE 

Magic-T section microstrip-slotline 
transitions 

(a) General solution 
Z0=50 Ω, Z1=70.7 
Ω, Z2=50 Ω, 
Z3=42.7 Ω 

(b) Optimized  
      solution 

Z0=50 Ω, Z1=57.52 
Ω, Z2=58.9 Ω, 
Z3=47.7 Ω 

Zt1=40 Ω, Zt2=20 Ω, 
Zt=60.3 Ω, θt1=24°, 
θt2=48°, Zsl=72.8 Ω, 

Zsl0=72.8 Ω, Zsl2=72.8 Ω, 
Zsl1=163.4 Ω, θs=31°, n=1, 
θ0=14°, θ1=34.95°, θ2=6.2° 

 

C. Magic-T’s Optimal Parameter Values 
The general solution based on (1) and (2) is used to 

construct the magic-T. Using the parameters in Table I(a), the 
magic-T provides broadband port E-E return loss and 
broadband port 1-E transmission as shown in Fig. 4(a) and 
4(b). However port 1-H/2-H transmission and port 1-2 
isolation have narrowband response due to all transmission 
poles are in line at f0. To increase the return loss and isolation 
bandwidth of the magic-T, Z1, Z2 and Z3 values can be 
numerically optimized using a circuit simulation software 
such that the microstrip line width step discontinuity is more 
gradual and the port 1-H/2-H  transmission has equal-ripple 
response. The optimization goal is set to obtain the minimum 
port H-H return loss and port 1-2 isolation of 14 dB and 18 
dB, respectively, over 70% bandwidth. The frequency 
responses of the magic-T using the optimized parameters in 
Table I(b) are shown in Fig. 4(a) and 4(b). The maximum port 
1-H and 2-H transmission bandwidth of the magic-T is limited 
by strong transmission zeros. These transmission zeros are 
due to the sections Z2 and Z3 as they transform a virtual open 
at the tee junction to a virtual ground at ports 1 and 2 in the 
even mode. This is shown in Fig. 4(a) at frequencies f1 and f2. 
Using (3) with Z2 = 58.9 Ω and Z3 = 47.7 Ω, we find that f1 
and f2 are 0.47f0 and 1.53f0, respectively. The upper port 1-E 
and  2-E  transmission  frequency  band  is  limited  by  the  Z1  
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Fig. 4. The magic-T frequency responses of (a) insertion loss and (b) return 
loss and isolation based on the circuit model shown in Fig. 4 and using the 
general and optimized solutions provided in Table I. f0=10 GHz. 
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section that creates transmission zero at 2f0 in the odd 
mode,since it transforms a virtual ground at port H to a virtual 
open at port 1 or 2. The lower port 1-E and 2-E transmission 

 
Fig. 3. The full circuit model of the magic-T at the center of the operating frequency. 
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frequency band is limited by the microstrip-slotline transition 
and tee junction since the slotline SCR termination size 
becomes so small compared to the slotline wavelength that the 
slotline SCR effectively becomes a short. 

III. HARDWARE DESIGN AND IMPLEMENTATION 
 A prototype magic-T was fabricated on a 0.25 mm-thick 
Rogers’ Duriod 6010 substrate. The design uses the optimized 
solution presented in Table I(b) and the corresponding 
physical parameters of this design are shown in Table II. f0 is 
set at 10 GHz. Ls is set to 1.0 mm to minimize slotline 
radiation loss while obtaining acceptable isolation between the 
microstrip line at port E and the microstrip-slotline tee 
junction. Zsl is transformed  to  Z0  at  port E  using  a  λ/4-
long  line  with  an impedance value of Zt. 

TABLE II 
THE PHYSICAL PARAMETERS IN MILLIMETER OF THE MAGIC-T ON  

0.25 MM-THICK ROGER’S DUROID 6010 SUBSTRATE 
Microstrip line sections Slotline sections 

W0=0.238, W1=0.175, W2=0.165, 
Wt=0.16, L1=2.92, L2=2.90, L3=2.87, 

Lt=2.79 ,Lt1=0.68, Wt1=0.37, Lt2=1.30, 
Wt2=1.05 

Ls=1.0, Wsl=0.10, Ls0=0.58, 
Ws0=0.10, Ls1=0.91, Ws1=0.71, 

Ls2=0.23, Ws2=0.1 

 
 The photographs of the microstrip and slotline sections of 
the fabricated magic-T are shown in Fig. 5(a) and 5(b), 
respectively. The magic-T is connectorized and calibrated 
using the Thru-Reflect-Line method with the reference plane 
shown in Fig. 5(a) and measured using a Hewlett-Packard 
8510C network analyzer. Two magic-T ports are measured at 
a time  while  the  other  ports  are  terminated with  50 Ohm  
broadband  precision  loads. The magic-T provides an average 
in-band insertion loss of 0.3 dB and 0.6 dB in the in-phase and 
the out-of-phase power combining sections respectively, as 
shown in Fig 6(a). The 1-dB corner frequencies of the 1-H 
and 2-H transmissions are at 6.6 GHz to 13.6 GHz and the in-
band return loss of the magic-T is greater than 10 dB as 
shown in Fig. 6(b). These measurements are in good 
agreement with the EM simulations and the circuit response 
predicted in Fig. 4(a) and 4(b). The 3-dB out-of-phase power 
combining section has higher insertion loss than the 3-dB in-
phase combining section due to additional losses arising from 
the slotline radiation and microstrip line. The port E-H 
isolation is more than 32 dB as shown in Fig. 7. The limit in 
the port E-H isolation at low frequency is mainly due to the 
finite conductivity and the area of ground plane that results in  
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Fig. 6. The measured frequency responses of (a) the insertion loss and (b) the 
return loss of the optimized magic-T.  
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Fig. 7. The measured and simulated isolation at port 1-2 and at port E-H of the 
magic-T. 

 
coupling leakage at the microstrip-slotline tee junction. In 
addition, the amplitude and the phase imbalance of the magic-
T is less than ±0.25 dB and ±1 degree as shown in Fig. 8(a) 

 
Fig. 5. The photographs show (a) the top and (b) the bottom view of the 
improved magic-T. 
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and 8(b), respectively. Transmission zeros in the magic-T in 
the port 1-H and 2-H transmissions result in a sharp increase 
in phase and amplitude imbalance at f1 = 4.76 GHz and f2 = 
15.5 GHz. These frequencies are in agreement with those 
computed using (3). The measurement errors are dominated 
by the return loss phase and amplitude mismatch at the 
connectorized broadband load terminations. A secondary error 
results from the bend line at port E which results in 
perturbation in the phase and impedance mismatch at the 
reference plane. When compared with the previous design, 
this magic-T shows significant improvement in bandwidth. 
The magic-T also has less parasitic around the tee-junction 
which makes it less sensitive to fabrication misalignment. This 
results in a much smaller phase imbalance in this design. Their 
performance comparison is shown in Table III.  
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Fig. 8. The measured frequency responses of (a) the amplitude imbalance and 
(b) the phase imbalance of the optimized magic-T. 

TABLE III 
SUMMARY OF MEASURED PERFORMANCE OVER 1-dB INSERTION LOSS 
BANDWIDTH OF THE MAGIC-T COMPARED WITH THE PRIOR MAGIC-T. 

 This work Previous work [7] 
Insertion loss (dB) <0.6 <0.3 
1-dB insertion loss bandwidth 75 % 24 % 
Phase imbalance  ±1 degree ±1.6 degree 
Amplitude imbalance (dB) ±0.25 ±0.3 
Port 1-2 isolation (dB) >15 >20 
Port E-H isolation (dB) >32 >31 
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