Our Friend the Direct Box
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A direct box can be used to inject instrument and line level signals into microphone inputs. Most common and least expensive of the methods of accomplishing this is known as "passive". A passive "DI" is a very simple device consisting of 2 TS type 1/4" jacks, 1 Male XLR type jack and an audio transformer all mounted in a small case. Some may also have extra features such as ground lift or phase switches. The specifications of the transformer are generally, but not limited to the following. 

	Impedance ratio
	Turns Ratio
	Max 20Hz Input
	THD @ 1Khz
	-3dB Bandwidth

	200KΩ to 1.5KΩ
	12 to 1


	+22dBu or 9.75VRMS
	.001%
	100KHz









Courtesy Jensen Transformers

First, let's look at what a passive direct box does. In order to change an instrument level signal into microphone level, four things need to happen. 

The impedance must be changed from approximately 10kΩ to less than 600Ω. Impedance matching is essential for quiet and undistorted reproduction of audio signals. A condition called loading will come into play when high impedance signals are injected into low impedance inputs. Loading manifests itself as a noticeable increase in hum and noise, as well as signal loss. Losses are significant above 1kHz.

Instrument output voltage of 0.14VRMS, or -15dBu, needs to be converted into the microphone equivalent of 0.0075VRMS, or -40dBu. If a microphone preamplifier receives an input voltage exceeding its operating level, it will become overdriven and distort. Furthermore, the preamp can actually be damaged.

The grounds of the instrument must be isolated from the grounds of the system. Both physical safety and noise suppression are directly related to ground isolation. Stages and mixing consoles tend to be plugged into different AC services, or branches. Care must be taken to keep the grounds of these two services separate from each other. 

Most significant, however is the necessity to turn unbalanced signals into balanced. A true balanced signal is a differential signal, where the output is the sum of the difference between the two sides of the input. Line level signals are floating, which is to say they are unbalanced. There is no way to turn an unbalanced signal into a balanced one. A device must be used that can essentially reproduce the signal as balanced.

To understand how direct boxes accomplish all this, you need to have a little transformer theory. Transformers are devices that utilize a number of separate inductive coils in close proximity to each other, or "coupled", and sharing a common core. When any one of the coils is energized, a voltage will be induced in the others.
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These individual coils each have their own impedance. Actually, since they are inductors, they offer something called reactance. Reactance is the ability to offer changing resistance to changes in frequency. Each coil of the transformer has its own reactance. This way, we can make the primary coil of high impedance and the secondary of low impedance. In so doing, we accomplish the first of our four goals.  

The ratio of the induced secondary voltage to the primary voltage is directly related to the number of turns in each winding. In other words if a voltage of 1VRMS energizes a primary coil of 1000 turns, the voltage developed across the secondary winding of 5000 turns will be 5VRMS. Looking at the above chart you can deduce that a turns ratio of 12 to 1 when energized by a signal of 0.14VRMS will result in an output of 0.00116VRMS. That way we can fulfil our second edict.
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By definition, transformers are isolation devices. Since the secondary voltage is produced without any physical electrical contact with the primary voltage, the two sides of the transformer are isolated from each other. Since the input or primary voltage is floating, you can tie the neutral side to ground. This grounds your "instrument side". The secondary side, however, will suffer a signal loss if you try that. Fortunately, there is something called a center tap. When a transformer is manufactured, they can attach multiple taps to either of the windings. This has a number of interesting effects. Among those is the ability to create a zero volt tap, electrically in the middle of the top and bottom of the winding. This tap can be used to provide system ground to the winding. We now have a completely and correctly grounded system with full electrical isolation. That's it for goal number 3.
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Look at the above schematic. Notice that when the ground lift switch is closed, no isolation exists between primary ground and secondary ground. This poses two distinct problems. In order to maintain a true balanced input you cannot lift the ground. If you need isolation to prevent from frying your talent (which might not be such a bad thing), or to prevent hum, you would have to make the signal unbalanced. This will result in increased noise and signal loss. This circuit would, however work, albeit not very well.

Courtesy DOD

Above is a simple, elegant and inexpensive design by DOD. You may be tempted to read this from left to right, but the 50KΩ side is actually the primary. Notice the center tap used to derive the Microphone ground. This way both isolation and balance are maintained. You could go on to add a ground lift switch. See below.
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Finally, we need to convert from floating 2 conductor to balanced 3 conductor. One of the nice things about center tapped transformers is their unique phase arrangement. When a signal is induced into a center tapped secondary, and the hot and neutral are taken off the top and bottom of the winding, a phase differential of 180o  exists, relative to the center tap. If the center tap is grounded, the output will be a true differential, or balanced signal.

That is to say, the output waveform when measured between the hot side of the winding and the center tap will be the exact inverse of the waveform observed on the neutral to center tap half of the winding. Look at the illustration below. Here you see a scope with the two waveforms, showing the phase relationship. Normally, directly out of phase signals like this will cancel each other out. That would be true were it not for the center tap. Essentially, a voltage swing still exists between the two, relative to ground. This voltage swing becomes the new signal.
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This is a critical point. Balanced input signals are used because they have the ability to employ something called "common mode rejection". By using two equal but opposite waveforms, the differential signal is twice as strong as either of the individual signals, but all the noise components are cancelled out.

A significantly more expensive way to provide direct injection is through a type of direct box known as "active". Active direct boxes can have a number of advantages. They can be made to provide phantom power, have extremely high input and low output impedance and provide superior gain. Here, however we are talking about the difference between a thirty dollar product and a three hundred dollar product.

Most modern active direct boxes use a semiconductor device known as an "Opamp" to provide essentially the same service performed by the transformer in a passive unit.
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Looking at this block diagram, you can see that the most obvious issue when using an active DI is the power requirement. Whether you use batteries, with all their associated headaches or a "wall wart" type power supply, you still need to deal with powering the device. Notice also that the Phantom Power is derived off the battery. Since this unit uses a 9V battery, it is not true +48V Phantom Power. In fact, you will quite likely find certain microphones that it will fail to adequately power. 

The triangle symbol at the bottom of the diagram is the opamp. In many ways, these devices are kind of like transformers on steroids. They have the advantage of input impedance often as high as 10MegOhms, and can drive into as low as 4Ω. Yes, you can actually drive a speaker directly with an opamp, assuming you take some cooling precautions.

All this and she cooks too! Well, not quite. For one thing, opamps are no where near as forgiving as transformers. A power surge, overload or simple static electric zap can destroy them in a heartbeat. They are extremely heat and pressure sensitive. Accidentally putting the battery in backwards will destroy the device, as well.

The difference between opamps and transformers is in how they function. The term opamp actually means operational amplifier. They were invented for use in computers during the dark ages prior to the digital revolution, and are amplifiers that can perform mathematical "operations". In essence, they can be configured to output a high or low signal depending on input conditions. As it happens, this makes them excellent performers in the world of audio amplification. They are "out of the box" balanced amplifiers, the output is equal to the difference between the inverting and non-inverting inputs multiplied by the open loop gain. This makes them linear amplifiers, or an amplifier who's output is directly proportional to the input. 

The important thing however, is that they are amplifiers. This means that they provide an analog of the input signal by modulating a larger voltage. In other words, where transformers actually generate a voltage signal when energized by another voltage signal, opamps must have a power source, which they "turn on and off" according to the input signal. This is the overarching concept behind any form of electrical amplification, and limits the design to the amount of power available at the supply source.

Opamps are incredibly versatile devices, but they have some limitations that designers need to think about when using them. To use the device as an unbalanced input for an instrument, you need to short the non-inverting input to ground, This will severely limit the gain of the overall amp. Since however, in a direct box the product needs to be a negative gain, this arrangement works well. 

There are a number of possible configurations to derive a true balanced output, most desirable of which is to actually use two opamps, and combine the outputs resulting in a balanced signal. Engineers often use this arrangement. Unlike transformers, however, you can not use opamps backwards.

How do they maintain proper isolation? Similar to transformers in that no actual physical electrical contact takes place inside the device, they can maintain isolation but, since they are semiconductors, component failure can cause that isolation to break down.

Frequency response and distortion characteristics are many times better than with the venerable old transformer technology. 

However, although the specifications may be better than transformers, the lack of color or character added to the sound, some feel, is sonically disappointing. Terms like "sterile" or "lifeless" are often applied to solid state amplification stages.

It is also possible to construct active DI's using discrete components, or even vacuum tubes, not to mention any combination of the above.

Well, that's my two cents worth on direct boxes. Hope you enjoyed reading it as much as I enjoyed writing it. Next weeks lesson is "How to build a nuclear submarine from parts lying around your kitchen". 

Until that time, so long and thanks for all the fish. 
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